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ABSTRACT 


With  the  financial  backing  of  Alberta  Hail  Studies,  a  study 
was  undertaken  to  determine  the  feasibility  of  using  a  simple  hail 
detector,  called  a  hailpad,  to  measure  Alberta  hailfall  and  thereby 
help  in  evaluating  hail  suppression  efforts.  This  hailpad  consisted 
of  a  styrofoam  pad  covered  with  aluminum  foil. 

The  study  considers  theories  of  hailstone  dynamics,  the  choice 
of  hailpad  materials,  calibration,  error  analysis,  and  wind  effects. 
Because  of  the  tediousness  of  detailed  hand  analysis,  a  reasonably 
accurate  estimation  procedure  is  described  and  the  possibility  of 
completely  automated  analyses  using  digital  picture  processing  methods 
is  discussed. 

Known  characteristics  of  Alberta  hailstorms  and  results 
from  previous  U.S.  studies  using  hailpads  are  carefully  considered 
in  designing  the  hailpad  network.  The  final  network  consisted  of 
272  stations  maintained  by  farmer  volunteers,  with  an  average  station 
spacing  of  2.6  miles.  Results  from  17  hailstorms  during  1973  indicate 
that  a  maximum  spacing  of  about  3  miles  is  necessary  to  adequately 
evaluate  the  pattern  of  damaging  hailfalls.  Several  dense  networks 
with  hailpad  spacing  of  .25  mile  were  established  in  order  to  test 
the  areal  representativeness  of  a  single  hailpad.  These  sampled  two 
hailstorms  and  demonstrated  the  existence  of  small-scale  spatial 
variations  in  hailfall,  amounting  to  changes  in  impact  energy  of  an 
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order  of  magnitude  or  more  across  distances  of  one  mile  or  less. 

A  total  of  761  hail-dented  hailpads  were  collected  from  a 
two-month  period.  Hailpad  measurements  for  three  hailstorms  are 
discussed  in  some  detail,  including  the  major  damaging  hailstorm  of 
August  16th,  1973. 

Relations  between  hailfall  and  per  cent  crop  damage  are 
suggested,  including  critical  values  of  impact  energy  of  about  50  J  m  2 
for  negligible  damage,  and  450  J  m  2  for  total  crop  loss.  When  measur¬ 
ing  the  vertical  partition  of  impact  energy,  the  useful  range  of 
sensitivity  of  the  hailpad  is  found  to  lie  between  10  1  and  2  x  103  J  m  2. 
Maps  displaying  smooth  contours  of  impact  energy  for  each  storm  date 
are  presented. 

Hail  suppression  is  considered  and  a  suggestion  for  its 
evaluation  using  hailpads  is  made.  It  is  shown  that  such  evaluation 
should  include  the  measurement  of  rainfall.  The  importance  of  measur¬ 
ing  minor  as  well  as  major  hailfalls  is  emphasized.  Finally, 
recommendations  for  future  hailpad  projects  are  outlined,  including 
more  detailed  measurements  of  wind  and  rainfall,  frequent  calibration 
checks,  hailpad  spacings  of  three  miles  or  less,  more  dense  network 
studies,  and  careful  consideration  of  hailpad  analysis  techniques. 
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CHAPTER  I 


INTRODUCTION 


"Woaa£  AtoAm  I  k ave.  eveA  Ae,en.  TjUia£  AtoneA  came,  &Aom 
the,  Aoutk,  laAgeA  AtoneA  fi-OiAt.  Second  buAAt  came. 
iAom  noAthweAt  -  AmaZZeA  Atone, 6,  then  Acme,  btg  oneA 
ZateA  on;  100  peA  cent  ( cAop )  damage.,  dcntA  tn  coa'a 
Aootf,  katZpad  AmoAked.  Utnd  afateA  kaZZ  ima  veAy 
AtAong,  fa Aom  nontbweAt.  AZao  h eavy  Aatn  faon  about 
an  houA."  .  C.  RcpaA,  August  16,  7  9731 . 


1.1  Background 

The  southern  half  of  Alberta  is  one  of  the  most  hail-prone 
regions  in  the  world.  An  average  of  67  hail  days  occur  from  May  to 
September,  including  56  of  the  92  days  of  June  through  August  (Summers 
and  Paul,  1967).  These  hailfalls  cause  an  annual  average  crop  loss  of 
more  than  $22  million  (Summers  and  Wojtiw,  1971;  Wojtiw  and  Summers, 
1972). 

Concern  over  such  heavy  agricultural  losses  and  enthusiastic 
meteorological  research  interest  in  severe  storms,  led  to  the  formation 
of  the  Alberta  Hail  Studies  (ALHAS)  Project  in  1956.  The  task  of  the 
project  was  to  investigate  all  aspects  of  Alberta  hailstorms,  and  to 
test  and  design  means  to  reduce  crop  damage  by  seeding  potential  hail¬ 
bearing  clouds  with  Silver  Iodide. 

^Dates  after  quotes  of  farmers  refer  to  storm  dates. 
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ALHAS  chose  a  main  project  area  in  Central  Alberta  comprising 
roughly  22,000  square  miles  between  Edmonton  and  Calgary.  Typical 
damaging  hailswaths  in  Alberta  are  only  2—5  miles  wide  (Summers  and 
Woj  tiw,  1971).  Therefore,  in  order  to  have  an  observing  network  of 
sufficient  density  to  resolve  hailfall  patterns,  ALHAS  has  had  to 
rely  on  meteorologically  untrained  volunteer  observers.  Thus,  an 
objective  means  of  measuring  hailfall,  both  for  climatological  studies 
and  for  evaluating  hail  suppression  efforts,  has  so  far  been  lacking. 

A  hail  detector,  consisting  of  a  piece  of  styrofoam,  one  foot 
square,  one  inch  thick,  and  covered  with  household  aluminum  foil,  had 
been  developed  and  used  with  moderate  success  by  Schleusener  and 
Jennings  (1960),  and  by  Decker  and  Calvin  (1961).  This  'hailpad'  records 
dents  made  by  impacting  hailstones.  Its  low  cost  permitted  a  large  net¬ 
work  with  the  required  density  to  adequately  measure  hailfall. 

# 

Early  in  1973,  J.  H.  Renick  (personal  communication)  suggested 
that  an  investigation  was  necessary  to  determine  the  feasibility  of 
using  such  hailpads  in  the  ALHAS  program,  and  that  this  project  in 
return  could  make  an  ideal  topic  for  the  author’s  M.Sc.  thesis.  The 
hailpad 's  ability  to  discriminate  'hail  or  no  hail'  had  been  assured 
by  the  previous  studies  so  that  the  main  interest  of  ALHAS  was  in  the 
hailpad 's  ability  to  measure  hailfall  intensity  and  to  help  find 
meaningful  relationships  between  hailfall  and  crop  damage.  If  such 
relations  could  be  established,  then  one  might  have  an  indirect  means 
of  measuring  the  physical  effects  of  hail  suppression  from  measure¬ 
ments  of  crop  damage  alone. 

^A  hailswath  is  defined  (Thompson  and  Summers,  1970)  as  an  elongated 
cluster  of  at  least  10  hail  reports  which  are  temporally  coherent. 
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This  dissertation  then,  reports  the  results  of  the  subsequent 
hailpad  project  and  discusses  the  feasibility  of  using  hailpads  for 
measuring  Alberta  hailfall  and  assessing  hail  suppression. 

1.2  Causes  and  Effects  of  Hail 

There  are  five  most  favourable  (though  not  essential)  con¬ 
ditions  for  the  occurrence  of  hail  in  Alberta.  These  are  all  inter¬ 
related  but  can  be  recognized  individually  as: 

(1)  unstable  air  from  the  ground  to  high  levels  (at  least 

500  mb); 

(2)  a  moderate  southwesterly  flow  at  500  mb,  preferably 
with  some  cooling; 

(3)  a  southeasterly  flow  at  low  levels,  preferably  with 
warm  air  advection; 

(4)  low-level  moisture,  though  usually  a  dry  environment 
at  higher  levels; 

(5)  some  triggering  mechanism,  usually  a  synoptic-scale 
system  such  as  a  frontal  wave,  cold  front,  low,  etc.  Orographic 
lift,  due  to  (3),  might  also  provide  the  instigation. 

Further  discussion  of  the  above  conditions  can  be  found  elsewhere,  such 
as  in  Longley  and  Thompson  (1965),  or  Thompson  and  Summers  (1970). 

These  conditions  combine  sufficiently  often  in  Alberta  during  summer 
to  produce  the  intense  multicell  and  supercell  storms  described  by 
Renick  (1971),  Marwitz  (1972),  Chisholm  and  Renick  (1972),  Chisholm 
and  English  (1974),  and  others. 

Crop  damage  resulting  from  hailstorms  has  been  well- 
documented  (Schleusener ,  1968;  Changnon  and  Barron,  1971;  C’nangnon, 
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1971b;  Summers  and  Wojtiw,  1971;  Wojtiw  and  Summers,  1972;  Wojtiw  and 
Renick,  1973).  Of  the  $22  million  annual  crop  loss  in  Alberta  (1961-70 
average),  about  50  per  cent  occurs  during  the  4  worst  days,  while  80 
per  cent  is  concentrated  into  the  12  worst  days.  Damage  is  also  far 
from  being  uniformly  distributed  spatially,  since  these  heaviest  hail- 
falls  are  usually  contained  within  relatively  small  areas  of  50  to  500 
square  miles.  Yearly  crop  damage  amounts  have  varied  from  a  low  of 
$10.6  million  in  1964,  to  a  high  of  $57.9  million  in  1966,  reflecting 
the  annual  variability  in  hailfall. 

Figure  1  (after  Wojtiw  and  Summers,  1972)  demonstrates  the 
distribution  of  annual  loss  to  risk  (L/R)  ratio1  in  Southern  Alberta 
for  the  period  1938-71.  This  map  is  also  the  only  indicator  of  long¬ 
term  hailfall  distribution,  since  hail  insurance  statistics  are  avail¬ 
able  for  at  least  20  years  prior  to  adequate  physical  data  on  hailfall. 
Two  major  areas  of  crop  damage  due  to  hail  are  prominent;  one  just 
northwest  of  Red  Deer,  the  other  between  Red  Deer  and  Calgary.  These 
are  included  in  the  ALHAS  project  area  for  cloud-seeding  operations 
and  were  also  considered  in  the  hailpad  network  set-up.  ALHAS  opera¬ 
tions  are  centered  at  CFB  Penhold,  an  air  base  about  seven  miles 
southwest  of  Red  Deer. 

1 . 3  Previous  Alberta  Hail  Data  Sources 

Since  ALHAS  came  into  being,  the  main  source  of  hailfall 
data  has  been  volunteer  reports  from  farmers  which  are  either  mailed 

1The  L/R  ratio,  expressed  as  a  percentage,  is  defined  as  the  value 
of  claims  paid  out  (loss)  divided  by  the  amount  of  insurance  written 
(risk) . 
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Figure  1.  The  regional  distribution  of  the  average  L/R  ratio  for 
the  period  1938-1971  (after  Wojtiw  and  Summers,  1972). 
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in  on  hail  report  cards,  or  solicited  by  telephone  surveys  after  each 
storm.  More  than  50,000  of  these  reports  had  been  collected  by  the 
end  of  1972.  A  copy  of  the  1973  hail  report  card,  used  in  conjunction 
with  the  hailpads,  is  attached  to  the  inside  front  cover  of  this  thesis. 

The  format  of  questions  on  these  reports  is  improved  each 
year.  Nevertheless,  the  data  acquired  can  never  be  totally  objective, 
since  farmers  and  even  meteorological  observers  will  differ  over  what 
is  meant  by  the  various  size  categories^.  Then  too,  many  of  the 
smallest  (and  usually  most  common  size)  hailstones  melt  quickly  on 
impact  and  are  not  reported.  Another  difficulty  is  that  observers 
tend  to  see  mainly  the  largest  stones  and  thereby  over-estimate  the 
most  common  size.  These  same  failings  have  been  discussed  by  Changnon 
(1971a). 

Between  10  and  20  hail  reports  per  100  square  miles  are 
obtained  for  each  hailswath  (Renick,  1972),  so  that  lack  of  quality 
is  compensated  somewhat  by  quantity.  However,  with  wide  variations 
in  population  density,  even  quantity  is  not  a  consistent  factor,  and 
one  must  be  careful  not  to  use  the  number  of  hail  reports  for  a  given 
storm  as  an  indicator  of  storm  size  or  intensity.  In  short,  the  hail 
report  cards  need  to  be  supplemented  by  objective  data  based  on 
physical  measurements. 

One  such  supplementary  data  source  is  weather  radar,  which 
is  under  continual  improvement  with  ALHAS.  It  has  been  utilized  not 


■^Hail  sizes  are  reported  in  terms  of  familiar  objects;  viz.,  shot, 
pea,  grape,  walnut,  golfball,  and  greater  than  golfball.  ALHAS  (Wojtiw 
and  Renick,  1973)  have  defined  the  mean  diameters  of  these  to  be  0.2, 
0.8,  1.6,  2.4,  4.0,  and  6.0  cm  respectively. 


■ 
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only  to  give  advance  indication  of  potential  hail-producing  clouds  for 
seeding,  but  even  to  estimate  hail  sizes  once  they  form  (Barge,  1972). 
Some  advances  have  been  made  in  using  the  radar  to  detect  effects  of 
cloud-seeding  (Summers  and  Renick,  1971) .  Other  data  sources  include 
the  collection  of  hail  and  rain  samples  by  farmers  and  by  mobile  samp¬ 
ling  vehicles  from  ALHAS  for  physical  and  chemical  analyses.  Air¬ 
craft  reconnaissance  and  cloud  photography  have  confirmed  some  of  the 
theory  concerning  cumulus  cloud  dynamics  (e.g.,  Warner  et  al.,  1973). 

In  spite  of  all  these  data  sources,  accurate  equipment  for 
measuring  hailfall  intensity  has  been  lacking.  This,  of  course,  is 
where  the  hailpad  comes  in. 

1.4  The  Hailpad  Concept  and  Previous  Studies 

The  aluminum  foil  and  styrofoam  combination*  the  hailpad, 
records  hail  dents,  the  diameters  of  which  can  be  related  directly  to 
the  hailstone  diameters.  Such  hail-dented  hailpads  could  be  analyzed 
simply  to  answer  the  question  whether  hail  occurred  or  not.  But  a 
more  detailed  analysis  can  yield  information  on  (i)  numbers,  (ii) 
sizes,  (iii)  mass,  (iv)  impact  momentum,  (v)  impact  energy,  and 
(vi)  the  per  cent  area  of  ground  covered  by  hail. 

Parameters  (iii)  to  (vi)  are  dependent  on  hailstone  diameter. 
Therefore,  hail  dents  can  be  used  directly  to  deduce  hailfall  intensity 
pgj-  unit  area  in  terms  of  ice  mass,  momentum,  and  energy. 

Schleusener  and  Jennings  (1960)  calibrated  their  hailpad 
in  terms  of  dent  area  to  measure  impact  energy  as  a  measure  of  hail 
intensity.  Using  a  rough  estimation  procedure,  they  suggested  that 
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even  a  100  per  cent  error  in  total  impact  energy  would  be  acceptable 
in  view  of  the  several  orders  of  magnitude  range  of  energies  possible. 

Decker  and  Calvin  (1961)  developed  a  hailpad  independently 
of  Schleusener  and  Jennings  and  published  results  on  dent  sizes  and 
hardness  for  a  storm  on  September  10th,  1959  in  Oregon.  Most  of  their 
hailpad  dents  were  judged  to  have  been  made  by  soft  hailstones  in  view 
of  such  dents  having  a  splashed  appearance.  In  contrast,  Schleusener 
and  Jennings  estimated  that  less  than  10  per  cent  of  their  hailstones 
were  soft. 

Hagen  and  Butchbaker  (1967)  used  hailpad  data  to  attempt 
an  evaluation  of  hail  suppression  over  North  Dakota.  They  concluded 
that  seeding  ’probably’  suppressed  ’some'  of  the  hail.  A  rough  relation 
between  impact  energy  and  per  cent  crop  damage  was  suggested.  Butch¬ 
baker  (1968)  extended  the  previous  hailpad  study  for  another  hail  season 
but  concluded  that  hail  suppression  did  not  show  any  significant  success. 
Seeding  had  not  been  randomized,  but  rather  was  conducted  by  using  one 
large  target  area  compared  with  five  smaller  control  areas. 

Schleusener  (1968)  gave  some  hailpad  results  for  the 
Shadehill  and  Rapid  Projects  in  South  Dakota.  Ratios  of  hail  impact 
energy  to  rain  amounts  on  seed  days  over  the  target  areas,  were  lower 
than  on  unseeded  days  over  the  control  areas,  suggesting  suppression 
success.  He  pointed  out,  however,  the  need  for  randomized  experiments 
to  confirm  these  results. 

Changnon  (1969)  showed  hailpad  results  from  several  Illinois 
hailstorms  and  discovered  ’ hails tr eaks ',  about  1  mile  wide  and  5  miles 
long,  within  larger  ’hailswaths ' .  His  group  also  tested  hailstools, 
consisting  of  a  circular  hailpad  attached  to  the  top  of  a  solid 
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cylindrical  upright  hailpad,  to  record  angles  of  impact.  Curved  sur¬ 
faces  have  since  been  found  difficult  to  calibrate  properly.  An 
automatic  recording  hailgauge  based  on  the  ballistic  pendulum  principle 
was  also  devised.  Its  cost  is  prohibitive  for  extensive  use,  however, 
while  suffering  from  false  starts  due  to  wind,  birds,  etc.  Work  on 
this  gauge  is  continuing. 

Changnon  and  Towery  (1972)  presented  more  results  for  the 
hailpad,  hailstool,  and  hailgauge.  While  establishing  better  limits 
of  accuracy,  their  data  suggests  that  one  square  foot  is  a  minimum 
suitable  size  for  hailpads.  The  data  includes  distributions  of  hail 
size,  energy  ranges,  and  hails treak  dimensions. 

Newton  and  Wilke  (1973)  introduced  another  hail  indicator 
employing  a  curved  surface,  but  with  the  same  inherent  calibration 
problem  mentioned  above. 

Miller  and  Cain  (1973)  examined  four  years  of  North  Dakota 
hailpad  data  from  randomized  hail  suppression  programs.  These  showed 
no  significant  decrease  in  impact  energy  on  seed  days.  Since  each 
year's  hailpad  data  had  been  analyzed  by  a  different  person,  all  of 
the  hailpads  were  to  be  re-analyzed  later  by  one  person  to  check  con¬ 
sistency.  This  problem  will  be  discussed  with  regard  to  the  Alberta 
hailpads  later. 

Morgan  and  Towery  (1974)  reported  on  results  from  an 
extremely  dense  hailpad  network  of  one  square  mile,  maintained  in 
Nebraska  in  1973.  Some  very  interesting  results  were  obtained,  con¬ 
curring  with  those  of  this  1973  Alberta  project,  and  so  will  be 
discussed  in  more  detail  later. 
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1.5  Background  on  Hail  Suppression 

Since  hailpad  results  on  the  evaluation  of  hail  suppression 
have  been  mentioned,  it  would  be  helpful  at  this  stage  to  briefly 
review  some  hail  suppression  theory. 

The  fundamental  idea  is  to  reduce  crop  damage  by  reducing 
the  size  of  hailstones.  To  accomplish  this,  one  must  increase  the 
number  of  hail  embryos  competing  for  the  water  supply  available  for 
hail  production  (Mason,  1956),  the  total  mass  of  which  is  assumed  to 
remain  constant.  The  Silver  Iodide  crystal  has  a  molecular  structure 
similar  to  that  of  ice,  so  that  it  is  used  as  a  seeding  agent  to 
promote  freezing  of  supercooled  cloud  water,  resulting  in  many  small 
hailstones  in  place  of  fewer  large  ones.  Although  this  may  increase 
total  ice  mass,  the  hailfall  intensity  or  impact  energy,  can  still  be 
reduced  in  the  following  way. 

The  impact  energy  £ ,  for  a  hailstone  of  mass  ITl  ,  diameter 
D  ,  and  terminal  velocity  WT  ,  falling  straight  down  is 

e  =  {m  VJj  (1) 

For  N  such  hailstones,  the  total  energy  ££ ,  is 

E=iNmWr  =}MWT’  ® 

where  M=Nm,  the  total  ice  mass,  which  is  usually  assumed  to  remain 
constant  under  seeding.  Since  WT  oc  D‘/z  ,  and  m°<-D  ,  we  see  that 
£ oc/vjpoc^D  .  This  means  that  in  order  to  decrease  total  impact 
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energy  by  a  factor  of  5  say,  while  maintaining  M  constant,  we  must 
also  decrease  the  hailstone  diameters  by  the  same  factor.  In  doing 
this,  N/  must  be  increased  by  a  factor  of  125.  The  goal  for  most 
suppression  experiments  is  to  achieve  a  factor  increase  in  hailstone 
numbers  of  more  than  100. 

If  hail  damage  is  more  closely  related  to  impact  momentum, 
then  the  same  decrease  in  hailstone  diameter  to  1/5,  reduces  total 
momentum  to  about  1/2.  In  the  case  that  damage  may  possibly  be  directly 
proportional  to  the  total  hail  mass,  then  the  same  deductions  lead  to 
no  net  potential  change  in  damage,  so  long  as  the  total  ice  mass  re¬ 
mains  constant. 

Such  eventualities  do  not  destroy  the  concept,  however,  as 
total  ice  mass,  impact  momentum,  and  impact  energy  would  be  reduced 
considerably  by  the  melting  of  hailstones  during  fall  below  the  0°C 
level.  For  if  smaller  hailstones  are  formed,  then  a  greater  total  ice 
surface  is  exposed  for  heat  exchange.  For  hailstones  of  diameters 
<2.5  cm,  melting  has  been  shown  to  be  significant  (Mason,  1956;  Ludlam, 
1958) .  More  details  of  this  process  will  be  discussed  with  the  results 
later. 

1.6  The  1973  Alberta  Hailpad  Project 

Two  main  hailpad  networks  were  set  up  by  the  author  as 
shown  in  Figure  2.  These  networks  will  henceforth  be  referred  to  as 
the  Southern  Network  (south  of  Penhold) ,  where  most  cloud-seeding  was 
carried  out,  and  the  Northern  Network  (north  of  Penhold),  where  only 
occasional  seeding  was  done  (the  single— storm  experiments) . 
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Figure  2 


The  1973  Alberta  hailpad  networks 
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Five  dense  networks  (1  hailpad  per  .04  square  miles)  ,  in¬ 
dicated  by  the  letters  K,  W,  X,  Y,  Z  on  Figure  2,  were  operated  during 
August  for  the  purpose  of  testing  how  representative  one  hailpad  could 
be.  Five  meso-meteoro logical  stations  provided  additional  data  on 
winds,  rainfall,  temperature,  and  humidity. 

Since  there  are  many  pitfalls  and  sources  of  error  in  the 
theory,  calibration,  network  design,  and  analysis  of  hailpads,  these 
four  items  will  be  discussed  carefully  at  length,  before  the  1973  hail¬ 
pad  results  are  presented. 


"^English  units  will  be  used  when  referring  to  the  land  survey  system 
(see  Appendix  I) . 
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"HaMXtoneA  qn eta  ka/id." 

.  LoAm  CkandteA,  JuZy  5,  1973. 

"StoneA  wojid  voAy  haAd.  and  czn&inA  weAe.  veAy  cJLqjVi. 
Tko,y  bounced  nexviZy  8  ^doX  a^toA  hJJXing  the.  ground." 

.  LzaLLz  Hake,,  AuguAt  16,  1973 . 


2 . 1  Assumptions 

The  hailpad  was  calibrated  by  dropping  steel  and  glass  spheres 
from  heights  which  simulated  the  impact  energy  of  hailstones  of  the 
same  size.  The  justification  for  this  procedure  will  become  clear  in 
this  chapter.  In  order  to  perform  any  calibration,  however,  a  number 
of  simplifying  assumptions  first  had  to  be  made.  The  validity  of  each 
of  these  assumptions  will  now  be  examined. 

(1)  Sphericity 

It  is  assumed  that  hailstones  are  approximately  spherical, 
though  not  necessarily  smooth,  with  diameter,  D.  Thus,  an  elongated 
dent  on  a  hailpad  was  supposed  due  to  a  wind-blown  spherical  hail¬ 
stone  and  the  minor  axis  of  the  elliptic  dent  was  taken  to  be  the 
dent  diameter.  This  supposition  can  lead  to  a  slight  underestimate 
of  hailstone  size  and  will  be  discussed  further  later. 
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Summers  and  Wojtiw  (1971)  estimated  that  72  per  cent  of  the 
hail  of  Central  Alberta  in  1969  was  essentially  spherical.  Similarly, 
Schleusener  and  Jennings  (I960)  estimated  that  75  per  cent  of  the 
hailstone  samples  taken  in  Northeastern  Colorado  in  1959  approximated 
spheres.  Furthermore,  the  dents  on  hailpads  collected  by  them  and 
also  by  this  author  suggested  that  the  impacting  hailstones  were  largely 
spheres,  or  at  worst,  slightly  oblate  spheroids,  since  when  winds  were 
light,  most  dents  were  roughly  circular. 

(2)  Constant  drag  coefficient 

The  drag  coefficient,  C^,  for  all  hailstones  in  free-fall 
may  be  approximated  by  a  mean  value  of  0.60. 

The  drag  coefficient  is  not  constant,  being  a  function  of 
the  Reynolds  number.  Re,  which  is  itself  a  function  of  the  sphere's 
velocity,  diameter,  and  the  viscosity  and  density  of  the  medium  through 
which  it  is  falling.  Numerous  measurements  (e.g.,  Hoerner,  1965)  have 
shown  that  for  a  smooth  sphere,  C^  is  .45  ±  .03  over  the  Reynolds 
number  range  103  to  2  x  105.  At  this  latter  'critical1  value  of  Re, 

Cp  decreases  sharply  to  0.1  because  of  the  onset  of  turbulence  within 
the  sphere's  boundary  layer.  Figure  3  shows  the  relation  between  drag 
coefficient  and  Reynolds  numbers  for  smooth  spheres  and  hailstones. 

Because  of  surface  roughness  and  lack  of  sphericity  the  drag 
coefficient  for  hailstones  within  the  range  of  Reynolds  numbers  de¬ 
picted  is  slightly  higher  than  for  smooth  spheres,  though  the  critical 
Reynolds  number  has  about  the  same  value  (List,  1959;  Macklin  and 
Ludlam,  1961;  Bailey  and  Macklin,  1968;  Roos  and  Carte,  1973).  There¬ 
fore,  before  fixing  a  single  value  for  the  drag  coefficient  of  hail¬ 
stones,  it  is  important  to  know  whether  the  critical  Reynolds  number 


will  be  exceeded  in  nature. 


' 


16 


03 


CO 

UJ 

CD 


ZD 


t n 

CD 

_ I 

O 


LlJ 

QC 


co 

0) 

c 

o 

■M 
CO 
I— I 
•H 
ccJ 
X 

nd 

C 

co 

co 

<U 

<u 

X 

(X 

co 

X 

4-J 

o 

o 

s 

CO 

u 

o 

<4-1 

4-1 

c 

o 

•H 

O 

•H 

<4-1 

<4-1 

<u 

O 

o 

00 

CO 

u 

'O 


co 

> 


u 

0) 

X 


CO 

TO 


o 

c 

<D 

Pi 


17 


The  Reynolds  number  is  defined  as  the  ratio  of  inertia 
forces  to  viscous  forces,  or, 


where  U  is  the  velocity  relative  to  the  medium, of  a  sphere  of 
diameter  D,  falling  through  a  medium  of  kinematic  viscosity  ^ ,  or  of 
density  and  dynamic  viscosityyC(.  Table  1  shows  values  of 

Reynolds  numbers  calculated  from  Equation  3  for  hailstones  of  diameters 
.25,  1.0,  and  3.0  inches  for  various  combinations  of  pressure  and 
temperature,  as  taken  from  a  typical  temperature  sounding  of  a  hail 
day  in  Central  Alberta.  Values  of  viscosity  were  extrapolated  from 
CRC  Tables  (Weast,  1973),  the  densities  were  calculated  from  the 
equation  of  state  for  dry  air,  and  the  hailstone  velocities  are 
derived  from  a  later  equation  (8)  for.  terminal  velocity. 

One  can  assume  from  Table  1  that  falling  hailstones  probably'*’ 
do  not  achieve  the  critical  Re  (i.e.,  20.  by  the  table),  though  in  rare 
events,  large  spherical  hailstones  (D  >  3  in)  may.  It  is  interesting 
to  note  that  in  tests  with  models  of  the  largest  hailstone  on  record 
(circumference  44  cm,  mass  766  gm;  Ludlum,  1971),  Roos  (1972)  found 
that  the  critical  Reynolds  number  was  not  attained. 

Even  so,  the  drag  coefficient  for  hailstones  will  still  be 
quite  variable,  depending  on  shape,  surface  roughness,  and  orientation 
to  the  flow.  Some  recent  measurements  of  drag  coefficients  of  hail- 

^This  assumption  is  not  exactly  valid  since  in  calculating  W  ,  CD  = 
was  used,  which  in  itself  assumes  that  Re  <  critical  Re. 


.60 


18 


u 

<d 

4-1 

CD 

§ 

•H 

T> 


<D 

1 

c 


c 

•H  II 

CD  <D 
<D  Pi 
C 
O 

+J  5>% 
CO  4-> 
•H 
O 


•H 

cd 


u 

o 

4H 

co 

}H 

CD 

JP 

6 


>H 

<D 

•3  4-4 

c 

II 

CO 

rd  H 
> — I 
O 
C 

Q)  4-4 
•H 
CO 
4H  O 
O  O 
CO 

CO  *H 
CD  t> 
3 


pcS 


cd 

5> 


a 

•H 
£ 
cd 
T — I  P 
cd 

a  t3 

•H 

P,  II 

H  3- 


rH 

ID 


43 

cd 

H 


<D 

Pi 


■3C 

a 

•H 

o 

co 


O  & 


J- 

o 


(X) 

■vf 


CO 

£ 


o 

ON 

CM 

• 

• 

• 

MO 

iP 

MO 

T— 1 

r— 1 

i — t 

CO 

ON 

CO 

• 

• 

• 

O' 

<r 

CO 

co 

i — 1 

Cd  CD 

4-4  TO 

1  rH 

* 

a 

•H 

Re 

j- 

o 

t— i 

,  ON 

• 

Ol 

3.1 

3.3 

3.1 

CD  O 

CD  C 

O 

X 

)H  to 

4H  CD 

• 

rH 

r\ 

rH 

CM 

00 

ON 

m 

co 

£ 


o- 

04 


co 

04 


CM 


f— I 

Ol 


o  > 

1 

•fC 

C  (D 

-j  n 

O 

<r 

• 

CD  i 

•H  Pi 

rH  | ! 

• 

o 

o 

o 

o 

>  | 

i  m 

x  ! 

rH  ! 

cd 

CM 

✓""N 

MO 

ON 

ON 

00 

C 

•H 

£ 

"  H 

1 

CO 

• 

CO 

1  rH 

• 

rH 

rH 

• 

o 

rH 

• 

o 

rH 

oj- 

CO  O 
•H  rH 
O 

p*  X 


5ooo  /-v 
4-4  I  OO 

•H  £  O 

CO  Cl  r) 

P 

<1)  60  X 
Q  w 


CO 

vO 


CO 


CO 

o- 


M3 

00 


in 

O' 

MO 


O' 

o- 

00 


O'' 

CO 

o 


CO 

MO 

o 


& 

£  ^ 
(D  O 
H  ^ 


CO  /-N 
CD  ^ 
Jh  £ 
CH 


m 

i- 1 

I 


m 


04 


CM 

04 


o 

o 

o 

o 

o 

o 

m 

o 

m 

O' 

co 

ON 

X 

•H 

no 

a 

CD 

p- 

< 

(D 

CD 

CO 

c 

O 

•H 

4-4 

cd 

e 

cd 

rH 

x 

(D 

U 

O 

pH 


60 

a 

CD 


4H 

o 

CO 

4-4 

•H 

c 

4-1 

CO 

O 

£ 

u 

o 

44 

4-1 

P- 

CD 

O 

X 

CD 


(D 

£ 

a) 

u 

cd 

T3 

(D 

co 

3 

CD 


C 

& 

* 


19 


stones  and  hailstone  models,  in  what  is  thought  to  be  their  natural 
orientation  to  the  flow,  are  also  plotted  on  Figure  3.  Below  the 
critical  Reynolds  number,  the  values  for  hailstones  have  been  measured 
to  vary  from  .47  to  .75,  with  increasing  with  surface  roughness  and 
oblateness.  The  mean  value  of  for  the  hailstone  values  of  Figure  3 
is  .59,  while  for  the  hailstone  models  of  Roos  and  Carte  (1973)  the 
mean  is  .58.  With  this  in  mind,  three  different  calibrations  of  the 
hailpads  were  performed  assuming  =  .50,  .60  and  .70.  We  shall  see 
that  only  slight  differences  in  calibration  were  evident.  Final  single 
values  for  the  drag  coefficient  of  smooth  spheres  and  hailstones  were 
chosen  to  be  .45  and  .60,  respectively. 

(3)  Hailstone  density 

Hailstones  in  Alberta  were  assumed  to  have  a  density  p  ,  of 
0.89  g  cm"3.  This  was  verified  by  examination  of  density  measurements 
on  Alberta  hail  samples  (ALHAS,  1970—71).  Values  varied  from  .86  to 
.92  g  cm”3,  with  both  mean  and  median  of  .89  g  cm  3. 

(4)  Surface  air  density 

The  density  of  air,  p  ,  near  the  ground  during  Central 
Alberta  hailstorms  was  assumed  to  be  1.05  x  10  3  g  cm  3 ,  the  density 
of  dry  air  at  890  mb  and  22°C.  This  figure  was  arrived  at  by  inspecting 
station  pressures  and  temperatures  prior  to  hail  during  1972.  The 
hailstorms  of  1973  in  Central  Alberta  later  yielded  a  mean  air  density 

of  1.07  x  10  3  g  cm  3. 

(5)  Constant  density  layers 

The  density  of  air  may  be  considered  constant  over  small 
height  changes  of  the  order  of  50  meters  or  less.  This  assumption 
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was  for  purposes  of  calibration  of  the  hailpads  and  for  subsequent 
verification.  It  is  valid,  since  the  maximum  change  in  air  density 
which  could  naturally  occur  in  50  meters  is  less  than  0.2  per  cent  of 
1.05  x  10  3  g  cm  3. 

(6)  Melting  and  accretion 

Neither  melting  nor  accretion  of  water  droplets  significantly 
affects  the  terminal  velocity  of  a  hailstone  at  the  ground.  Hailstone 
terminal  velocity  is  approached  within  the  first  50  meters  of  fall 
from  rest  (Figure  13,  Chapter  III).  This  velocity  adjusts  rapidly 
(decreases)  during  fall  to  compensate  for  any  changes  in  air  density, 
viscosity,  or  mass  (due  to  melting  or  accretion).  Melting  can  be 
significant  for  a  3-5  km  fall  (Mason,  1956;  Ludlam,  1958;  Macklin, 

1963;  List  and  Dussault,  1967),  but  not  for  50  meters.  McDonald 
and  Orville  (1962)  estimated  that  by  accretion  of  supercooled  drops 
in  cumulus  with  a  very  high  liquid  water  content,  momentum  transfer 
will  lower  the  terminal  velocity  of  large  hailstones  by  only  a  few 
per  cent.  At  any  rate,  once  leaving  the  cloud,  a  hailstone  would 
quickly  assume  its  natural  terminal  velocity. 

(7)  Hailstone  hardness 

It  was  assumed  that  hailstones  were  hard  and  would  not 
shatter  (or  splatter)  on  impact.  Summers  (1966)  showed  that  of  all 
the  volunteer  hail  reports  from  Central  Alberta  in  1965,  only  31-40 
per  cent  indicated  ’some'  soft  hail  occurring  during  July  and  August; 
the  figure  was  slightly  higher  (45  per  cent)  for  June.  Schleusener 
and  Jennings  (1960)  indicated  that  90  per  cent  of  the  hailstones 
of  northeastern  Colorado  in  1959  were  hard.  Inspection  of  the  1973 
hailpads  of  this  study  suggests  a  figure  at  least  as  high,  dents  from 
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soft  hailstones  having  a  characteristic  splattered  appearance. 

(8)  Hailstone  bounce 

Hailstones  which  impacted  a  second  time  after  a  bounce 
made  negligible  contribution  to  the  total  impact  energy  or  momentum 
on  the  hailpad.  Conversations  with  farmers  during  the  1973  hail 
season  indicated  that  hard  hailstones  impacting  on  a  ’hard’  surface, 
will  on  occasion  bounce  six  feet  or  more.  During  calibration- 
verification  experiments  in  a  10-storey  stairwell  (Chapter  III), 
some  artificial  hailstones,  attaining  85—97  per  cent  of  terminal 
velocity,  were  observed  to  bounce  3-6  feet  off  the  hard  floor.  On 
striking  a  more  flexible  surface  such  as  cardboard  or  the  hailpad 
itself,  bounces  could  usually  be  estimated  in  inches  or  fractions 
of  an  inch. 

The  percentage  of  hailstones  which  impact  on  the  hailpad 
after  bouncing  on  the  ground,  however,  is  likely  to  be  small,  and 
because  their  impact  energy  and  momentum  will  normally  be  a  small 
fraction  of  their  original  values,  it  is  reasonable  to  neglect  the 
effect.  Nevertheless,  because  of  the  possibility  of  bounces,  the 
1973  hailpads  were  deliberately  installed  on  either  grass  or  soft 
ground  (such  as  in  a  vegetable  garden),  so  that  bounces  were  minimized. 
But  this  introduced  another  source  of  error,  since  lack  of  time,  man¬ 
power,  and  financial  resources  precluded  the  use  of  any  form  of  hail¬ 
pad  stand.  Thus,  a  small  amount  of  impact  energy  is  absorbed  by  the 
soft  underlying  surface,  giving  slightly  smaller  dents.  This  effect 
will  be  discussed  in  Chapter  III. 


. 
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(9)  Density  differences 

Density  differences  between  ice  and  the  steel  and  glass 
spheres  used  for  calibrations,  produced  no  apparent  errors  in  the 
calibrations  when  drop  heights  were  used  which  simulated  the  impact 
energy  of  hailstones  of  equivalent  diameter.  Initial  tests  using  steel 
and  ice  spheres  of  the  same  diameter  indicated  no  differences  in  hail- 
pad  dent  size  or  shape. 

(10)  Rain  dents 

The  field  project  analyses  proved  that  very  light  dents  on 
hailpads  made  by  rain  drops  were  easily  distinguished  from  hail  dents. 


2.2  Derivation  of  Equations 

Armed  with  the  above  assumptions,  we  will  now  proceed  to 
derive  the  equations  necessary  for  the  calibration  of  the  hailpads. 

In  Figure  4  we  consider  a  sphere  of  mass  m,  diameter  D,  and  density 
,  falling  with  a  velocity  W,  and  acceleration  <K  ,  through  air  of 
density  which  exerts  a  drag  force  Fp  ,  on  the  sphere  in  the 

opposite  direction. 


A 


Z(+ve) 


Figure  4.  Forces  acting  on  a 

sphere  falling  freely 
in  air. 


mg 


For  this  simple  model, the  equation  of  motion  for  the  sphere, 


neglecting  buoyancy,  may  be  written  as 


(4) 
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NOTE:  The  negative  sign  appears  on  the  L.H.S.  of  Equation  4  because 
w  is  considered  to  be  negative  when  directed  downwards. 

The  drag  force  is  found  empirically  to  be  related  to  the  air 


and  hailstone  parameters  by 

_  1 


Fo  2.  At  W 


(5) 


where  is  the  cross-sectional  area  of  the  body  projected  normal  to 

the  air-stream,  and  C(>  is  the  drag  coefficient  between  the  air  and 
the  body.  The  drag  coefficient  is  generally  a  function  of  the  Reynolds 


number  (see  Figure  3).  Thus,  for  a  sphere  where 


a  =  £? 

4- 


m  = 


_  nisi 


(6) 


we  may  write  Equation  4  as 


~a  =  -  ~  3  ~  -^4%  W 


W  D 


(7) 


For  convenience,  let 


3fgCt> 


=  A 


(7a) 


Equation  7  immediately  yields  the  terminal  velocity  W  =  WT  , 
which  is  achieved  when  the  net  forces  acting  on  the  sphere  are  zero. 


Hence, 


-a=  0  =  g -A  Wr\ 


from  which 


wT  -  or = Gfe  ■>) 


\tfj 


(8) 
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p.  1/2. 

We  now  have  the  terminal  velocity  expressed  in  terms  of  Lx  ,  the 
other  parameters  of  Equation  8  being  held  constant. 

At  any  moment  during  fall,  the  kinetic  energy  E,  of  the 
sphere  can  be  derived  using  Equations  2  and  6  as 


while  the  momentum 


(9) 


(9a) 


On  impact  (subscript  I)  at  terminal  velocity,  Equations  8,  9, 
and  9a  yield 


One  should  now  be  able  to  drop  hailstones  of  known  sizes  onto 
a  hailpad,  and  from  the  corresponding  dent  sizes,  establish  simple 
relations  between  dent  diameter  and  the  parameters  of  hailstone  size, 
mass,  impact  energy,  and  impact  momentum.  But  this  presupposes  that 
the  dropped  hailstones  attain  or  nearly  attain  terminal  velocity.  Can 
such  velocities  be  achieved  to  make  calibration  practical  using  hail¬ 
stones  or  ice  spheres?  To  answer  this,  we  need  to  derive  an  equation 
for  drop-heights.  From  Equations  7  and  8  we  have 


^The  standard  physics  notation  for  momentum  is  P.  Q  is  used  here  to 
avoid  confusion  with  pressure  and/or  density. 
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Equation  11  is  to  be  integrated  from  a  small  height  h,  (small  enough 
to  consider  the  air  density  constant  over  the  range  of  integration) 
down  to  an  arbitrary  reference  level,  z  =  0,  not  necessarily  at 
ground  level.  Before  doing  this,  we  note  that  we  are  invoking  several 
of  the  assumptions  of  section  2.1;  in  particular,  sphericity,  constant 
drag  coefficient,  constant  hailstone  density,  and  constant  air  density 
over  small  height  changes.  We  are  also  neglecting  the  fact  that  for 
a  short  period  following  t  =  0,  Re  <<  103  such  that  is  not  constant. 
All  assumptions  become  valid,  however,  shortly  after  t  =  0.  With 
this  in  mind,  we  can  carry  out  the  integration  of  Equation  11  arriving 
at 


(12) 
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where  we  have  let 


which  is  the  fraction  of  terminal  velocity  attained. 


(13) 


2. 3  Calibration  Design 

The  practicality  of  calibrating  hailpads  with  real  hailstones 
can  now  be  determined.  For  example,  suppose  one  wishes  to  drop  a 
2-cm  hailstone  from  a  height  from  which  it  will  attain  95  per  cent  of 
terminal  velocity  (equivalent  to  90  per  cent  of  terminal  impact  energy 
by  Equation  1) , 

Choosing  p  =  1.05  x  10~3  g  cm-3, 

c L 


and  p  =  .89  g  cm-3, 

then  by  Equation  12,  the  required  drop-height  is  h  =  43.3  meters. 

It  should  be  clear  that  such  drop-heights  are  out  of  the 
question  since  even  a  large  hailpad  would  be  difficult  to  hit,  while 
one  would  have  to  be  concerned  also  with  drafts  and  cross-winds.  A 
reasonable  alternative  which  other  authors  (Schleusener  and  Jennings, 
1960;  Changnon,  1969)  have  also  chosen,  is  to  simulate  a  hailstone’s 
impact  energy  with  denser  smooth  spheres  (glass  and/or  steel)  of  the 
same  diameter.  Drop-heights  for  such  spheres  are  much  lower  because 
the  fraction  of  terminal  velocity,  f,  will  be  much  lower. 

Using  the  subscript  'S'  to  identify  the  parameters  of  the 
'simulating  sphere',  then  from  Equation  9, 


, 
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Since  we  require  that 


Dg  =  D,  then 


(14) 


If  we  wished  to  calibrate  the  hailpad  by  simulating  a  hail¬ 
stone’s  impact  momentum  instead,  then  we  get  from  Equation  9a, 


V\4  =  (i)  Wr  . 


(14a) 


sphere , 
energy , 


Knowing  the  theoretical  terminal  velocity  of  the  simulating 


WTS  from  Equation  8,  then  by  Equation  13,  to  simulate  impact 


(15) 


or  to  simulate  impact  momentum, 


(15a) 


The  drop-heights  are  then  calculated  by  Equation  12;  i.e., 

h*=-  |^ln(l-fs1  .  (16) 

It  was  assumed  that  the  drag  coefficient  for  the  simulating 
shpere,  C  ,  was  that  of  a  smooth  sphere  as  shown  in  Figure  3,  i.e., 

D  u 

=  .45  ±  .03.  This  is  valid  only  in  the  range  of  Reynolds  numbers, 
103  to  2  x  105.  We  shall  examine  this  further  in  Chapter  III  to  see 
if  the  criterion  is  violated  in  the  case  of  the  simulating  spheres. 

For  the  present,  let  us  assume  that  this  drag  coefficient  is  valid. 

From  the  foregoing  equations,  tables  of  drop-heights  were 


computed  for  combinations  of  different  hailstone  drag  coefficients  of 


>  % 
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.45  to  .75  in  increments  of  .05  and  different  air  densities  of 
1.02  x  10  1.05  x  10  1.085  x  10  ^ ,  and  1.12  x  10  ^  g  cm  ^ .  The 

air  densities  are  typical  of  Central  Alberta  on  hail  days.  The  drop 
heights  varied  little  for  changes  in  air  density,  so  that  a  single 
value  of  1.05  x  10  ^  g  cm  ^  was  eventually  chosen.  The  resulting 
tables  with  drag  coefficients  of  .50,  .60,  and  .70  can  be  found  in 
the  Appendix  II  (Tables  Al,  A2,  and  A3,  respectively). 

2 . 4  The  Hailstone-Hailpad  Collision 

The  immediate  goal  of  calibrating  the  hailpad  is  to  establish 
a  relation  between  the  dent  size  and  the  size  of  the  hailstone  which 
made  it.  Before  deriving  an  empirical  relation,  one  should  look  at  a 
simple  model  to  see  what  form  this  relation  will  assume.  Figure  5  then, 
is  a  simplification  of  a  vertically-falling  spherical  hailstone,  of 
radius  R^,  which  has  just  impacted  without  bouncing  on  a  hailpad  and 
caused  a  dent  of  radius  and  depth  d. 


Figure  5.  The  Hailstone-Hailpad  Collision 
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It  is  assumed  that  the  elastic  limit  of  the  hailpad  material 
is  exceeded  when  any  hailstone  impacts;  i.e.,  the  dent  is  non-resilient 
and  does  not  change  shape  or  size  later.  Thus  the  dent  parameters  are 
solely  determined  by  the  hailstone  size,  shape,  and  impact  velocity. 

We  can  therefore  write  the  volume  V  of  the  dent  in  Figure  5  as  the 
volume  of  the  spherical  cap,  or  from  geometry, 

V=  ■fird‘(3R„-d)  =  |ird(3K*+d2) . 

from  which 


iH)D„-H-d'=D02  <« 


where 


and 


are  the  hailstone  and  dent  diameters. 


It  is  reasonable  to  assume  that  the  dent  volume  may  be  pro¬ 
portional  to  the  kinetic  energy  absorbed  by  the  styrofoam  (confirmed 
by  the  calibration  results  presented  later).  Hence,  for  no  bouncing, 


We  may  neglect  Q 
such  that 

Substituting  this 


in  Equation  18 


into  Equation  17 


(to  a  first  order  approximation) 


(19) 


--  Dff  —  (constant)  Dd 

an  almost  linear  relation,  the  same  result  obtained  by  Lozowski  (1974). 

This  approximate  linearity  is  most  likely  to  break  down  as 
hailstone  diameters  approach  the  styrofoam  thickness  (one  inch  in 
this  project),  at  which  point  these  hailstones  start  breaking  (rather 
than  crushing)  the  styrofoam.  An  empirical  relation  will  still  be 
valid,  however,  up  to  the  point  where  the  hailstone  passes  through  the 
hailpad,  i.e.,  approximately  where  the  hailstone  radius  equals  the 
hailpad  thickness  (two-inch  diameter  hailstones). 


< . 


CHAPTER  III 


HAILPAD  CALIBRATION 

"No  wind  with  t! te  lajigex  Atones  which  tasted  fatve 
minute*."  .  I/.  W.  Repos,  August  16,  1973. 

"Alt  the  west  wtndows  axe  smashed.  Haltpad  ts 
beaten  to  pteces." 

.  Mxs .  lotey  Gaxntck,  August  16,  1973. 

3 . 1  The  Choice  of  Hailpad  Materials 

The  styrofoam  padding  and  the  aluminum  foil  covering  of  the 
hailpad  both  absorb  a  portion  of  the  hail  impact  energy.  The  foil 
absorbs  most  of  the  energy  of  small  shot-size  hailstones,  while  the 
relative  energy  absorption  by  the  styrofoam  increases  with  hailstone 
size.  For  grape-size  and  larger  hailstones,  most  absorption  is  by  the 
styrofoam  and  one  must  even  be  concerned  with  energy  absorption  by  the 
surface  underlying  the  hailpad.  This  last  effect  is  a  field  project 
problem  which  will  be  discussed  later.  These  and  factors  such  as 
water  absorption  and  dent  resilience  of  the  styrofoam, and  aluminum 
foil  strength,  meant  that  the  combination  had  to  be  carefully  chosen 
after  many  tests  and  calibrations,  and  that  this  combination  could  not 
be  altered  later  without  further  calibration. 

Utility  and  availability  quickly  narrowed  the  choice  to  two 
types  of  styrofoam  used  in  building  insulation,  and  three  types  of 
aluminum  foil.  Some  particulars  on  these  materials  are  given  in  Table  2. 
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Table  2. 


Available  types  of  styrofoam  and  aluminum  foil 
tested  for  hailpad  construction. 


Brand  Name 
and  Manu¬ 
facturer 

Length  & 
Width* 
(ft) 

Thickness**  Density* 
(in)  (lb  ft“3) 

Average 
Compressive 
Modulus* 
(lb  in-2) 

Maximum 

Water 

Absorption* 
(%  by  vol.) 

Styrofoam 

*FR, 

DOW  Chem. 

8x2 

1 

1.9 

1000 

0.25 

Styrofoam 

*SM, 

DOW  Chem. 

8x2 

1 

2.2 

1000 

0.25 

Foilrapp, 

Foilrapp 

Ltd. 

25  x  1.5 

.0007 

Na*** 

NA 

NA 

Reynolds  Wrap, 
Reynolds  Co. 
Can. 

25  x  1.5 

.0010 

NA 

NA 

NA 

ALCOA, 

Alum.  Co.  of 
America 

25  x  1.5 

.0010 

NA 

NA 

NA 

^Manufacturer ' s  values,  Dow  (1972). 
**Values  measured  by  author. 

***Not  applicable. 


Some  material  tests 

Density  checks  on  several  samples  of  Styrofoam  *FR  gave  mean 
values  of  O029  g  cm-3  (1.83  lb  ft  3),  close  to  the  manufacturer’s 
values.  Buoyancy  in  the  air  was  considered  to  be  negligible. 

The  compressive  modulus  will  determine  the  rate  of  styro¬ 
foam  crushing  as  a  sphere  impacts  on  a  hailpad.  Although  no  attempt 
was  made  to  measure  the  compressive  modulus,  the  manufacturer’s  value 
for  Styrofoam  *SM  may  be  an  overestimate  relative  to  the  *FR  type 
(depending  on  what  SAE  standard  was  used),  since  smaller  dents  were 
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measured  on  the  *SM  type  for  equivalent  sphere  sizes  and  drop-heights , 
and  the  *SM  type  is  a  denser  material. 

The  water  absorption  of  styrofoam  was  checked  for  two  reasons. 
First,  in  order  to  see  whether  dent  sizes  were  affected  by  such  absorp¬ 
tion,  two  dented  hailpads  (*FR  type)  were  submerged  in  water  overnight. 
There  were  no  detectable  differences  between  dent  sizes  before  and 
after.  The  second  reason  is  that  any  significant  water  absorption 
will  affect  dent  sizes  on  impact.  Two  more  Styrofoam  *FR  pads  were 
soaked  in  water.  The  increases  in  mass  (and  density)  after  soaking 
and  wiping  off  excess  surface  water  were  16  and  34  per  cent.  These 
represent  water  absorption  increases  by  volume  of  0.5  and  1  per  cent 
respectively,  about  four  times  the  given  specification.  Spheres 
dropped  on  these  uncovered  wet  pads  yielded  dent  diameters  3  to  10 
per  cent  smaller  than  those  on  uncovered  dry  pads. 

Styrofoam  choice 

A  comparison  of  dent  sizes  on  both  styrofoam  types  is  given 
in  Table  3.  The  values  were  obtained  by  using  steel  balls  to  simulate 
the  impact  energy  of  hailstones  for  which  the  drop-heights  are  given 
in  Table  A2  (Appendix  II).  There  were  12  trials  for  each  dent  diameter, 
and  the  standard  deviation  for  dent  diameters  was  between  .005  and 
.020  in. 

For  spheres  of  diameters  <  .5  in,  the  similarity  of  dent  sizes 
between  the  two  styrofoam  types  suggests  to  the  author  that  the  aluminum 
foil  absorbs  much  of  the  impact  energy.  For  spheres  of  .5  to  1.5  in,  the 
dent  diameters  on  the  denser,  smooth  surface  *SM  type  are  noticeably 
smaller.  Here,  it  would  seem  that  the  spheres  have  enough  momentum  to 
overcome  the  foil  resistance,  and  most  of  the  energy  becomes  absorbed 


34 


Table  3.  Comparison  of  dent  diameters  on  two  different 
styrofoam  types,  covered  with  Reynolds  Wrap 
aluminum  foil.  The  drop  heights  (Table  A2) 
assume  a  drag  coefficient  for  hailstones  of 


.60,  for  a  smooth  sphere  of 
density  of  1.05  x  10“ 3  g  cm" 

.45,  and  an  air 

•3 

• 

Sphere  Diameters  (in) 

0.25 

375  0.50 

0.75  1.00  1.50 

2.00 

Styrofoam 

Type 

Surface 

Structure 

Average  Dent 

Diameters  (in)* 

*FR 

cellular 

.10 

.21  .33 

.55  .82  1.43 

1.98 

*SM 

dense, 

smooth 

.12 

.22  .33 

.49  .76  1.45 

1.96 

*With 

regard  to 

the  units 

and  accuracy 

of  dent  measurements 

in 

this  dissertation,  see  Appendix  I. 


by  the  styrofoam.  Hence,  dents  are  smaller  for  the  denser  *SM  type. 
Spheres  >1.5  in,  have  enough  momentum  to  start  breaking  through  the 
foam  and  significant  differences  in  dent  sizes  between  styrofoam  types 
were  not  observed. 

The  surface  of  the  Styrofoam  *SM  type,  however,  was  found 
to  be  quite  resilient;  so  much  so,  that  having  dropped  a  sphere  of 
one— inch  diameter  or  less,  the  styrofoam  dent  all  but  disappeared 
within  hours.  When  this  occurred,  the  foil  dent  was  also  distorted. 
For  example,  the  average  dent  diameter  for  the  . 75-in  sphere  of 
Table  3  decreased  from  .49  to  .40  in  by  the  next  day.  The  *FR  type 
did  not  suffer  from  this  drawback.  For  this  reason,  the  Styrofoam 
type  was  chosen  for  the  1973  hailpads.  Hereafter,  unless  other¬ 
wise  specified,  the  mention  of  styrofoam,  foam,  hailpad,  or  pad,  will 


imply  the  *FR  type. 


■ 
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Aluminum  foil  choice 

One  may  ask  why  the  styrofoam  should  be  covered  with  aluminum 
foil  at  all,  since  one  must  then  consider  the  hailstone  impacts  to 
be  shared  between  both  materials.  There  are  three  reasons  for  the 
aluminum  covering:  (i)  Although  the  water  absorption  properties  of 
the  styrofoam  are  low,  the  cellular  surface  structure  tends  to  collect 
water,  so  that  when  rain  and  hail  occur  together,  the  compressive 
modulus  (and  rate  of  crushing)  of  an  uncovered  hailpad  will  change 
somewhat  near  the  surface,  thereby  invalidating  the  calibrations. 

With  the  aluminum  foil  covering,  this  problem  is  alleviated  unless 
the  hailpad  becomes  immersed  in  ground  water.  (ii)  Tests  showed  that 
one-week  exposure  to  sunlight  of  uncovered  pads  changed  the  chemical  and 
physical  properties  of  the  styrofoam  in  such  a  way  as  to  significantly  re¬ 
duce  its  density  near  the  surface.  This  resulted  in  larger  dent  sizes. 
Extreme  heat  would  probably  cause  some  of  this  effect  also.  The 
bright  aluminum  foil  acts  as  a  reflector  for  both.  (iii)  The  rough 
and  cellular  surface  of  the  Styrofoam  *FR  made  it  impossible  to  detect 
all  dents  from  sphere  diameters  of  <3/8  in  (i.e.,  shot  and  pea  size)1. 
This  was  borne  out  later  while  analyzing  hailpads  from  which  the  foil 
had  been  torn  by  wind  or  birds.  Measuring  small  dents  was  certainly 
not  a  problem  when  the  hailpads  were  foil-covered,  for  even  rain  dents 
could  then  be  distinguished. 

During  the  actual  field  project,  other  reasons  for  the  foil 


Preliminary  tests  for  the  1974  hailpads  indicate  that  sanding  the 
surface  of  styrofoam  *FR  may  alleviate  this  problem  somewhat. 
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covering  were  realized:  bird  pecks,  easily  distinguished  from  hail 
dents  on  the  foil,  sometimes  could  not  be  differentiated  with  the  foil 
off,  though  undoubtedly,  the  birds’  attraction  to  the  hailpads  was 
due,  in  part,  to  the  bright  reflection  from  the  foil.  Finally,  some 
small  animals,  particularly  dogs,  were  prone  to  relieve  themselves 
on  the  hailpads,  and  in  cases  where  the  foil  had  previously  been  torn, 
the  effect  was  similar  to  that  of  sunlight. 

Thus,  some  form  of  covering  for  the  styrofoam  appeared 
necessary.  Painting  the  styrofoam  might  be  an  alternative,  but  this 
project  stayed  with  aluminum  foil  as  used  by  others. 

The  choice  of  aluminum  foil  was  based  on  (a)  resistance  to 
tearing  on  hailstone  impact,  since  minor  tears  would  be  magnified  by 
winds,  and  (b)  cost.  Table  4  compares  dent  diameters  for  the  three 
different  aluminum  foils.  For  this  test,  the  drop-heights  of  Table  Al, 
Appendix  II,  were  used.  The  dent  diameters  are  an  average  of  12 
trials  each,  for  which  the  standard  deviations  varied  from  .005  to 
.020  in. 

Hailstones  striking  the  two  heavier  grades  of  aluminum  foil 
did  not  penetrate  as  deeply.  This  results  in  smaller  dent  sizes  and 
greater  resistance  to  tearing.  For  the  light-weight  Foilwrapp  brand, 
a  steel  sphere  of  9/16- inch  diameter  tore  the  foil.  With  a  large 
number  of  impacts  stretching  the  foil,  even  1/2- inch  spheres  caused 
tears.  The  heavier  brands  absorbed  many  impacts  before  even  spheres 
of  one- inch  diameter  or  larger  started  to  make  small  tears,  and  then 
only  at  the  bottom  of  the  dent.  The  ALCOA  brand,  however,  was  avail¬ 
able  only  from  a  scientific  supply  company,  and  was  more  than  four 


’ 
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Table  4.  Comparison  of  dent  diameters  using  three  different 
brands  of  aluminum  foil  on  Styrofoam  *FR.  The 
drop-heights  (Table  Al)  assume  a  drag  coefficient 
for  hailstones  of  .50,  for  a  smooth  sphere  of  .45, 
and  an  air  density  of  1.05  x  10" 3  g  cm”3. 


Sphere  Diameters  (in) 


1/4  3/8  1/2  9/16  5/8  3/4 


Aluminum  Measured 

Foil  Brand  Thickness 

(in) 


Dent  Diameters  (in) 


Foilrapp 

.0007 

.15 

.27 

.38 

.46 

.52 

.68 

ALCOA 

.0010 

.11 

.22 

.34 

.40 

.46 

.59 

Reynolds  Wrap 

.0010 

.12 

.24 

.34 

.40 

.46 

.57 

times  the  cost  of  the  household  Reynolds  Wrap,  with  no  significant 
differences  in  quality  between  the  two.  Therefore,  the  Reynolds  Wrap, 
being  readily  available  at  wholesale  or  retail  stores,  was  chosen 
for  the  hailpads. 

3.2  Calibration  for  Vertically-Falling  Hailstones 

The  simulation  problem 

Two  more  problems  had  to  be  resolved  before  the  final 
calibration  could  be  performed:  (i)  What  errors  result  from  using 
spheres  of  different  density  (see  assumption  9,  Section  2.1)  to 
simulate  hailstone  impacts,  since  it  was  shown  (Section  2.3)  that 
it  is  not  possible  to  use  hailstones  alone  for  the  calibration? 

(ii)  Are  real  hailstone  impacts  best  simulated  by  impact  momentum 
or  impact  energy? 


’ 
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To  answer  these  questions,  preliminary  calibrations  were 
performed  for  both  momentum  similation  and  energy  simulation  of  hail¬ 
stones.  To  do  this,  the  drop-heights  of  Table  Al,  Appendix  II  (assum¬ 
ing  =  »50)  were  applied,  using  both  steel  and  glass  spheres.  In 
addition,  ice  spheres  of  average  diameters  .55  in,  .74  in,  and  .85  in, 
were  dropped  from  a  height  of  34.5  meters  (a  10-storey  stairwell)  onto 
a  hailpad.  From  this  height,  these  ice  spheres  should  theoretically 
achieve  97,  94,  and  92  per  cent  respectively  of  terminal  velocity. 
Figure  6  shows  the  relations  obtained  between  dent  diameters  and 
sphere  diameters  for  these  experiments.  The  straight  lines  are  linear 
approximations  obtained  by  a  least  squares  method,  which  did  not 
include  any  of  the  ice  sphere  data. 

For  momentum  simulation,  Figure  6(a),  there  are  three 
relations,  one  each  for  steel,  glass,  and  ice.  For  energy  simulation. 
Figure  6(b),  although  some  scatter  appears,  only  one  relation  is  evi¬ 
dent  and  all  points,  ice  included,  lie  approximately  on  the  same 
line.  The  reason  for  the  differences  between  (a)  and  (b)  is  plain 
if  one  accepts  the  reasoning  of  Lozowski  (1974) .  He  showed  that  the 
dent  depth  and  diameter  for  the  type  of  styrofoam  used  are  functions 
of  the  kinetic  energy  and  the  diameter  of  the  sphere  alone,  but  not  of 
the  momentum  and  sphere  diameter  alone.  In  the  latter  case,  another 
variable  is  required  such  as  sphere  density.  Figure  6  is  verification 
for  this,  since  in  6(b),  all  spheres  with  the  same  diameter  and  the  same 
energy  made  approximately  the  same  dent  size,  whereas  the  spheres  of 
Figure  6(a)  had  different  energies  (but  the  same  momentum)  and  produced 
different  dent  sizes.  Also,  if  the  ice  spheres  had  impacted  with 
terminal  velocity,  then  the  spread  between  the  relations  for  momentum 
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Figure  6.  Dent  diameters  vs  hailstone  diameters  for  simulation  of  (a)  impact 
momentum  and  (b)  impact  energy.  o=steel;  +  =glass;  a  sice. 
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simulation  would  be  greater,  while  the  scatter  for  energy  simulation 
would  be  less. 

As  a  check  to  see  how  the  assumption  of  a  constant  drag 
coefficient  for  smooth  spheres  (.45)  affect  calibration,  approximate 
Reynolds  numbers  for  the  impacting  steel  and  glass  spheres  were  com¬ 
puted  (from  Equations  3,  15,  and  15a).  These  Reynolds  numbers,  along 
with  the  corresponding  drag  coefficients  from  Figure  3,  are  shown  in 
Table  5. 

Table  5.  Reynolds  numbers,  Re  (x  10~^),  on  impact  for  the 
steel  and  glass  hailstone  simulation  spheres  of 
Figure  6,  and  the  corresponding  drag  coefficients, 

CDS*  fr0m  Figure  3* 


Simulation 
of  Impact 

Diameter  (in) 

.25 

.50 

.75 

1.00 

Sphere  Re 

CDS 

RS  CDS 

Re  CDS 

Re  C  0 
DS 

Momentum 

steel 

0.52 

.56 

1.40 

.43 

2.70 

.41 

4.00 

.41 

Momentum 

glass 

1.56 

.42 

4.37 

.41 

8.10 

.42 

12.40 

.42 

Energy 

steel 

1.48 

.43 

4.22 

.41 

7.80 

.42 

12.00 

.42 

Energy 

glass 

2.63 

.42 

7.40 

.41 

13.50 

.42 

20.90 

.44 

Table  5  suggests  that  a  slightly  lower  value  of  drag  co¬ 
efficient  for  smooth  spheres  (C^  ~  *42)  would  have  been  more 
accurate  for  diameters  less  than  one  inch.  The  values  of  drag  co- 


XThe  final  calibration  (using  CDg  =  .45)  had  already  been  performed 
when  this  aspect  was  inspected,  and  resultant  errors  were  found 
to  be  negligible. 
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efficient  in  Table  5  may  account  for  some  of  the  scatter  in  Figure  6. 
Calibration  uncertainties  due  to  this  effect  will  be  discussed  in 
Section  3.3. 

Final  calibrations 

Although  the  range  of  drag  coefficients  for  hailstones  in 
free-fall  is  .47  to  .73  under  normal  conditions,  a  final  single  value 
had  to  be  chosen.  Figure  7  shows  how  the  terminal  velocity  of  hail¬ 
stones  vary  over  this  range  of  drag  coefficient,  while  Figure  8  gives 
the  variation  of  impact  energy  over  the  same  range.  The  differences 
in  terminal  velocity  and  impact  energy  between  hailstones  with  =  .60 
and  those  with  higher  or  lower  drag  coefficients  (under  normal  conditions), 
are  a  maximum  of  about  5  per  cent  and  10  per  cent  respectively  for  hail¬ 
stone  diameters  <  1.5  cm.  For  such  diameters,  these  differences  are  not 
considered  to  be  serious.  Furthermore,  about  90  per  cent  of  the  hail¬ 
stones  of  Central  Alberta  have  diameters  <  1.5  cm  (Paul,  1967).  More 
important  perhaps,  is  the  fact  that  overall  sampling  errors  should  be 
virtually  smoothed  out  by  sheer  numbers,  since  for  a  given  hailstone,  drag 
coefficients  will  be  >  .60  for  some  hailstones,  and  <  .60  for  others  . 

In  order  to  check  on  other  possible  variations  due  to  this 
range  of  drag  coefficient,  calibrations  were  performed  for  =  .50, 

.60,  and  .70,  using  Tables  Al,  A2  and  A3  of  Appendix  II.  Figure  9 
displays  the  resulting  relations  between  dent  diameter  (DD)  and  sphere 
(or  hailstone)  diameter  (DH) .  The  curves  were  smoothed  by  a  least 
squares  second  order  polynomial,  using  a  method  of  Kuo  (1972).  A 

1It  is  assumed  that  the  measurements  of  hailstone  drag  coefficients 
are  typical  of  hailstones  in  nature.  Otherwise,  most  could  have 
CD  <  .50,  or  CD  >  .70  for  example. 
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TRML  VEL.  (M/SEC) 

Figure  7.  Variation  of  terminal  velocity  with  hailstone  diameter 
for  drag  coefficients  of  .50,  .60,  and  .70. 


Variation  of  impact  energy  with  hailstone  diameter  for  drag 
coefficients  of  .50,  .60,  and  .70. 


Figure  8 


u ,  •  • 
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Figure  9.  Dent  diameter  vs.  hailstone  diameter  for  drag  coefficients 
of  .5,  .6,  and  .7.  Plotted  points  are  the  original  data 
for  CQ  =  .60. 


second  order  polynomial  was  used  instead  of  a  linear  fit  since  this 
follows  from  the  discussion  of  the  collision  process  (Section  2.4), 
regarding  sphere  diameters  ^1  inch.  The  small  curvature  also  agrees 
with  the  result  of  Lozowski  (1974)  that  DH  a  DD4/5.  The  calibration 
data  points  for  CD  =  .60  are  also  plotted  onto  the  graph,  while  all  of 


44 


the  data  for  the  three  curves  appear  in  Table  A4  of  Appendix  II. 

The  equations  for  the  three  curves  of  Figure  9  are: 

DH  ~.0&  DD5  4*  1-0?  DD5+  .14  (for  CD  =  .50)  (20) 

DH=  ".01  DD6  -f“  1.11  DD,  ”4*  .15  (for  CD  =  .60)  (21) 

DH=“24  DDy  +1.30DD7+.13  (for  CD  =  .70)  (22) 

where  DD  is  the  dent  diameter  produced  by  a  hailstone  of  diameter  DH. 


3.3  Calibration  Errors 

The  assumptions  made  in  order  to  calibrate  the  hailpads 
create  uncertainties  in  the  analysis  of  hailpad  data  from  hailstorms. 
Although  no  drastic  error  sources  have  been  noted  so  far,  it  seems 
logical  at  this  point  to  summarize  the  uncertainties,  which  are  of 
two  types. 

Errors  due  to  choosing  physical  constants 

First,  we  look  at  the  relative  uncertainties^"  in  a  hail¬ 
stone’s  terminal  velocity  (  Wr)  and  impact  energy  (Ej),  due  to 
the  assumptions  for  hailstone  density  (/*),  air  density  (  ) »  anc^ 

drag  coefficients  ( C0  and  ).  By  Equations  8,  10,  and  16,  we 
have  for  a  given  hailstone, 


■t&'TF 


and 


-l 


DS 


■''For  treatment  of  error  analysis  and  the  calculation  of  relative  un 
certainties,  see  Baird  (1962)  for  example. 


I 


- 
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Furthermore,  Ej  .  (potential  energy  at  h$  )  —  1^0  ,  if  we  neglect 

any  frictional  loss  of  energy  to  the  air.  Therefore, 

Ej  *  C05_1  and  WT  <*  Coi,/z 

Table  6  now  summarizes  the  uncertainties. 


Table  6.  Uncertainties  in  the  calculated  values  of  terminal 
velocity  (or  impact  momentum)  and  impact  energy, 
due  to  the  calibration  assumptions  for  p,  p  ,  C  , 
and  CDS. 


Normal 

for  Hail  Conditions 

Max.  effect  on 

calculations  of 

Assumed 

Expected 

Fractional 

Terminal  Vel. 

Impact 

Parameter 

Value 

Variation 

Variation 

or  Momentum 

Energy 

P 

0.89 
g  cm-3 

±.03 

±  3% 

±1.5% 

±  6% 

Pa 

.00105 
g  cm”3 

±.00007 

±  7% 

+  3.5% 

+  7% 

CD 

.60 

±.10 

±17% 

+8.5% 

+  17% 

CDS 

.45 

±.04 

±  9% 

+4.5  % 

+  9% 

Maximum 

effects 

combined  ) 

of  f 

p,  Pa,  cD, 

and  CDS 

+18  % 

+  39% 

It  should  be  emphasized  that  the  combined  uncertainties 

represent  the  maximum  error,  due  to  these  assumptions,  for  a  single 

hailstone.  When  considering  say,  the  total  impact  energy  of  several 

hundred  to  several  thousand  hailstones,  then  combined  random  errors 

in  p,  C  ,  and  C  tend  to  cancel  out;  i.e.,  the  final  error  in  the 
D  DS 

E 

mean  of  N  measurements  of  a  quantity,  each  with  error  E,  is 
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(Spiegel,  1961) .  For  example,  some  of  the  hailstones  may  have  a 
density  of  .86  g  cm  3  due  to  trapped  air  bubbles,  while  others  may  be 
almost  pure  ice,  say  a  density  of  .91  g  cm-3.  A  systematic  error 
is  possible  of  course, where  all  the  hailstones  from  a  given  portion 
of  a  storm  have  density  >  .89  g  cm"3.  But,  the  greatest  source  of 
actual  error  here  in  fact,  may  be  the  air  density,  depending  on  how 
close  it  is  to  the  assumed  value. 

Errors  from  operational  problems 

Two  operational  problems  may  lead  to  additional  errors  when 
the  calibration  is  employed.  The  first  of  these  involves  the  absorp¬ 
tion  of  impact  energy  by  the  surface  underlying  the  hailpad.  This 
surface  may  be  considered  to  act  in  somewhat  the  same  fashion  as  a 
spring.  As  previously  mentioned,  the  hailpads  of  this  project  were 
nailed  to  the  ground,  mostly  on  bare  earth,  sometimes  on  softer,  more 
energy-absorbent,  low-cut  grass. 

For  very  small  hailstones,  energy  is  absorbed  mainly  by  the 
aluminum  foil  and  results  are  therefore  not  affected  by  the  underlying 
surface,  but  the  absorption  can  be  significant  for  larger  sizes. 

Table  7  gives  calibration  results  for  three  sphere  sizes  with  hailpads 
placed  on  various  surfaces. 

The  importance  of  using  one  type  of  underlying  surface  is 
immediately  obvious  from  Table  7.  Differences  between  grass  and  soft 
earth,  the  conditions  for  this  1973  project,  are  negligible,  although 
the  calibrations  used  were  those  performed  on  the  tile  floor,  since 
a  bard  surface  such  as  that  provided  by  a  stand  had  been  anticipated. 
Thus,  hailstone  sizes  quoted  in  the  results  may  be  5—10  per  cent  too 
low,  meaning  energy  values  (where  E^.  a  D4)  could  be  20-40  per  cent  too 
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Table  7.  Hailpad  dent  variations 

underlying  surfaces. 

caused  by 

different 

Sphere  diameter  (in) 

.50 

.625 

.75 

Mass  ratio,  hailstone/hailpad 

1.3% 

2.5% 

4.3% 

Terminal  Velocity  (m  s”1) 

15.3 

17.1 

18.8 

TYPE  OF  UNDERLYING  SURFACE 

DENT 

DIAMETER  (IN) 

Lying  on: 

Tile  floor  (May,  1973) 

.33 

.44 

.55 

Tile  floor  (July,  1974)* 

.35 

.46 

.58 

Clipped  onto  1-inch  plywood, 

1-ft2,  and  nailed  on  post 

.36 

.45 

.57 

Lying  on  concrete 

.35 

.45 

.57 

Nailed  onto: 

Damp,  loose  sand 

.33 

.43 

.53 

Soft  earth  (veg.  garden) 

.34 

.42 

.51 

Low-cut  grass 

.33 

.42 

.50 

Maximum  standard  deviation 
for  8  trials  each 

.015 

.023 

.021 

*The  second  calibration  on  the  tile  floor  employed  hailpads  from 
the  previous  year.  Some  aging  process  is  suspected  which  may  have 
slightly  decreased  the  surface  density  of  the  styrofoam  giving  the 
larger  dent  sizes. 

low.  The  use  of  a  single  type  of  hailpad  stand  may  give  slightly 
more  uniform  results,  but  most  error  here  can  be  eliminated  simply 
by  using  the  proper  calibration  data. 

The  second  operational  error  source  cannot  be  handled  as 
easily.  This  is  the  problem  of  wind-blown  hailstones,  to  which  we 
shall  now  give  special  consideration. 


- 
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3.4  Calibration  for  Wind-Blown  Hailstones 
A  major  hailpad  problem 

Up  to  this  point,  the  discussion  has  implied  that  hailstones 
in  nature  fall  straight  down,  i.e.,  without  any  wind  effects.  Such  an 
assumption  would  be  totally  unrealistic.  While  volunteer  reports  often 
indicate  little  or  no  wind  during  a  hailfall,  observations  of  winds  in 
excess  of  40  mph  (>  18  m  s-1)  during  hail  have  frequently  been  re¬ 
ported. 

Consider  a  simple  model  of  a  hailstone  of  mass  m  and  diameter 

D,  falling  with  terminal  velocity  W  ,  in  a  horizontal  wind,  W  .  It 

i  n 

is  assumed  that  the  horizontal  velocity  component  of  the  hailstone 
equals  the  wind  speed.  Figure  10  describes  the  velocity  components 
of  this  hailstone. 


Figure  10.  A  hailstone 
falling  in  a 
wind. 


The  total  impact  energy  is  §iven 

EIT=iw(WH2+WT)  (23) 

where 

WH  =  WT  tan  0  .  (24) 

"^Henceforth  we  shall  call  Ej  =  ^  mW-j.2  and  Ejj  =  y  niW^  the  vertical  and 
horizontal  ’partitions’  respectively  of  energy. 
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It  is  quite  possible  to  have  Ejj  =  5  E j  ;  e.g.,  if 
Wh  =  50  mph  =  22.35  m  s’1,  and  D  =  .25  in,  for  which 
WT=  10.83  ms1,  then  >  5  E  J .  This  means  that  the 

contribution  of  wind  to  the  total  impact  energy  can  be  quite  sig¬ 
nificant  . 


Non-circular  dents 

The  added  horizontal  velocity  component  results  in  a  greater 
impact  energy  than  for  the  same  hailstone  without  any  wind,  and  there¬ 
fore  tends  to  make  an  elliptical  dent  of  larger  area  on  a  hailpad.  The 
minor  axis  diameter  of  this  elliptical  dent,  because  of  the  larger  impact 
energy,  should  be  a  close  approximation  to  the  diameter  of  a  circular  dent 
made  by  the  same  hailstone  without  any  wind.  In  other  words,  it  is  hypothe¬ 
sized  that  the  minor  axis  measurement  yields  a  measure  of  the  vertical 
component  of  impact  energy,  E^.  only,  and  not  of  the  total  energy,  E,^. 

To  validate  this  approximation,  hailpads  were  calibrated  at 
various  impact  angles,  so  that  the  minor  and  major  dent  axes  could  be 
related  to  sphere  diameters. 

The  method 

If  we  were  interested  only  in  the  total  impact  energy,  E^, 
then  hailpads  would  have  to  be  calibrated  by  simulating  the  total 
impact  energy  corresponding  to  various  size  hailstones  and  various 
wind  speeds.  This  would  involve  varying  the  angle  of  impact  and  the 
energy  simultaneously,  a  time-consuming  process  .  Then,  hailpad 


^Although  time-consuming,  this  aspect  of  hailpad  calibrations  should 
be  done  in  order  to  accurately  measure  hailfall  occurring  with  high 
winds.  The  calibrations  for  wind-blown  hailstones  presented  here 
should  be  considered  only  as  preliminary  work. 
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analysis  would  be  complicated  by  having  to  measure  both  minor  and  major 
axes,  and  possibly  impact  angles  as  well. 

Instead, the  procedure  followed  was  to  calibrate  hailpads  for 
measuring  the  vertical  partition  of  energy  only,*  i.e.,  by  changing  the 
angle  of  impact  for  a  given  sphere  diameter  while  holding  the  energy 
constant.  In  this  case,  the  same  tables  of  drop-heights  could  be  used 
as  for  vertically-falling  hailstones.  Hailpads  were  inclined  at  angles 
15  ,  30  ,  45  ,  60  ,  and  75  ,  and  assuming  a  hailstone  drag  coefficient 
of  .60,  the  drop— heights  (of  Table  A2)  were  measured  from  the  approx¬ 
imate  point  of  impact  on  the  pad,  as  in  Figure  11. 


Figure  11.  The  drop-heights 
for  calibrating 
hailpads  for  wind¬ 
blown  hailstones. 


The  final  relations  between  dent  axes  and  hailstone  diameters 
for  given  impact  angles  are  shown  in  Figure  12.  Once  again,  the  data 
have  been  smoothed  by  the  least  squares  second  order  polynomial  approx¬ 
imation  mentioned  earlier.  The  0°  curve  of  course,  is  the  curve  for 
=  .60  in  Figure  9.  The  curves  to  the  left  of  this  represent  the 
minor  axes  and  those  to  the  right  are  the  major  axes.  As  only  six  trials 
were  performed  for  each  dent,  the  standard  deviations  of  dent  measure¬ 
ments  varied  from  .005  up  to  .085  inch.  Hence,  at  small  hailstone 
diameters  some  of  the  smoothed  curves  of  Figure  12  cross. 


X  .j  t  :®  4  jj  1  '  3 
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Analysis  errors  due  to  winds 

Since  only  the  vertical  partition  of  impact  energy  is 
simulated  in  Figure  12,  the  dent  axes  are  therefore  underestimates 
of  the  dents  which  would  occur  for  such  impact  angles  in  a  real  event. 
For  impact  angles  up  to  45°  in  Figure  12,  the  minor  axis  does  not 
differ  too  drastically  from  the  dent  diameter  of  a  vertically-falling 
hailstone  with  the  same  energy  (the  0°  curve).  In  fact,  if  we  were 
to  add  the  horizontal  component  of  wind,  then  the  curves  for  the  vari¬ 
ous  minor  axes  would  tend  towards  the  0°  curve. 

Several  trials  were  performed  to  simulate  the  appropriate 
total  impact  energy  for  a  given  hailstone  size  and  wind  speed.  It  was 
concluded  that  the  maximum  error  in  hailstone  size  resulting  from  the 
estimation  procedure  would  occur  for  small  hailstones  in  high  winds 
(an  uncertainty  -  +  15  per  cent).  The  uncertainty  is  greatest  for 
small  hailstones  because  in  a  given  wind  the  impact  angle  is  greatest 
for  these.  Maximum  errors  of  ±5  per  cent  in  hailstone  sizes  were 
estimated  for  large  hailstones  (D  ~  1  inch) .  An  error  of  15  per  cent 
in  hailstone  diameter  would  amount  to  an  error  of  60  per  cent  in  the 
hailstone's  impact  energy. 

When  the  minor  dent  axis  from  a  wind-blown  hailstone  is 
assumed  representative  of  the  true  hailstone  diameter,  errors  will 
usually  be  overestimates  according  to  the  above  trials.  The  estimated 
uncertainties  imply  a  maximum  error  of  ±.10  inch  in  hailstone  diameter. 
Such  an  error  is  not  serious  in  view  of  the  fact  that  dents  on  hail— 
pads  from  the  field  project  could  only  be  measured  to  ±.05  inch. 

The  advantage  in  using  the  foregoing  estimation  procedure 
for  wind-blown  hailstones,  is  that  the  total  analysis  time  is  at 
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least  cut  in  half,  since  only  one  axis  of  each  dent  must  be  measured. 

In  other  words,  little  lost,  something  gained. 

3.5  Calibration  Verification 

Final  calibrations  for  vertically-falling  hailstones  were 
verified  in  two  ways. 

(1)  By  dropping  small  ice  spheres  of  known  diameters  down 
a  10-storey  stairwell  (34.5  m) ,  achieving  more  than  90  per  cent  of 
their  theoretical  terminal  velocity.  Resultant  hailpad  dent  sizes  were 
compared  with  those  made  by  the  steel  simulation  spheres. 

(2)  By  dropping  larger  ice  spheres  and  real  hailstones  of 
known  diameter  in  the  same  stairwell,  and  recording  their  velocity 

on  photographic  film  just  before  impact.  The  derived  impact  velocities 
were  then  compared  with  those  obtained  by  Equations  8,  12,  and  13. 

Samples  of  the  ice  spheres  made  for  these  two  experiments 
both  yielded  mean  densities  of  0.89  g  cm-3,  thus  closely  simulating 
the  density  of  real  hailstones  (Section  2.1). 

Equations  8,  12,  and  13  give  the  terminal  velocity,  drop- 
height,  and  fraction  of  terminal  velocity  for  a  given  hailstone  dia¬ 
meter,  density,  drag  coefficient,  and  air  density.  For  assumed  real¬ 
istic  conditions  (p  =  .89  g  cm  3,  C  =  .60,  and  p  =  .00105  g  cm  3), 

U  a 

fractions  of  terminal  velocity  attained  for  various  drop-heights  and 
hailstone  diameters  were  plotted.  The  results  are  shown  in  Figure  13. 
Dent  size  verification 

To  recap  the  ice  sphere  results  of  Figure  6,  ice  spheres 
of  diameters  (with  standard  deviations  of  measurements  in  parentheses) 
.55(.02)  in,  .74(.02)  in,  and  .85(.03)  in,  were  dropped  in  the  stair- 
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Figure  13.  Fraction  of  terminal  velocity  vs.  drop-height  for  various  hailstone  diameters 
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well  onto  large  hailpads,  resulting  in  dent  sizes  (standard  devia¬ 
tions  in  parentheses)  of  .36 (.04)  in,  .54 (.04)  in,  and  .64 (.04)  in, 
respectively.  A  comparison  of  these  dents  with  those  of  the  steel 
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spheres  is  shown  in  Figure  14.  If  one  allows  for  a  small  dent  size 
reduction  (since  impacts  were  3—8  per  cent  short  of  terminal  velocity) , 
then  the  curve  for  =  . 60  is  a  reasonable  approximation. 


Figure  14. 


Calibration  verification  for  vertically-falling  hailstones. 
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Photo  verification 

In  this  experiment,  ice  spheres  of  diameters  .82 (.03)  in 
and  1.21 (.03)  in  were  dropped  in  two  trials,  their  impacts  being 
recorded  by  high-speed  photography  with  a  16mm  cine  camera  operating 
at  500  frames  s  1 .  A  gridded  mirror  system  provided  accurate  three- 
dimensional  positioning  of  the  hailstones  with  respect  to  the  camera. 
Details  of  chis  system  are  described  by  Lozowski  et  al.  (1974).  Im¬ 
pact  velocities  were  calculated  by  fellow  student,  Myron  Oleskiw,  for 
those  ice  spheres  which  fell  within  the  camera’s  field  of  view. 

The  physical  conditions  for  this  experiment  were  as  follows: 

drop-height,  h  =  34.5  meters; 

pressure  at  impact  level,  P  =  930  mb; 

air  temperature  at  impact  level,  T  =  295  K; 

air  density  at  impact  level  (calculated  for  dry  air), 

p  =  1.098  x  10  3  g  cm  3; 
a 

acceleration  due  to  gravity,  valid  at  53N  (Weast,  1973), 
g  =  981.3  cm  s  2; 

measured  density  of  ice  spheres,  p  =  0.89  g  cm  ; 
assumed  drag  coefficient  for  hailstones,  =  0.60. 

Approximately  two  dozen  ice  spheres  of  each  size  were  dropped 
with  a  total  of  12  useable  ones  appearing  on  film  after  deleting  those 
which  obviously  had  been  obstructed  during  fall  (high  impact  angles 
and  low  impact  velocities,  combined  with  rapid  spinning).  Table  8  is 
a  comparison  between  the  theoretical  and  measured  values  of  the  impact 
velocities  for  statistical  samples  of  the  two  ice  sphere  sizes. 
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Table  8.  Photo-verification  of  the  hailpad  calibration  -  a 
comparison  of  theoretical  and  measured  impact 
velocities  of  ice  spheres  dropped  in  a  stairwell 
34.5  meters  high.  Values  in  parentheses  are 
standard  deviations  of  measurements. 


Mean 

Mean 

Velocities 

(m  s”1) 

Values  derived 

from  Mean 

Ice  Sphere 

THEORETICAL 

PHOTOGRAPHIC 

Photog.  Impact 

Velocities 

Diam.  (cm) 

Terminal 

Impact 

Impact 

WT(m  s”1) 

CD 

2.08  (.05) 

19.2* 

17.6 

17.8  (.3) 

19.3 

0.59 

3.07  (.07) 

23.3* 

19.7 

20.3  (.6) 

23.9 

0.57 

*If  the  value  of  air  density,  1.05  x  10” 3  g  cm”3,  had  been  assumed 
(as  used  elsewhere  in  this  dissertation)  instead  of  the  measured  value, 
then  these  values  of  terminal  velocity  would  be  19.6  and  23.8  m  s”1, 
respectively. 


For  the  few  samples  used  in  this  experiment,  the  theoreticcl 
and  measured  values  of  impact  velocity  agreed  within  the  standard 
deviations  of  measurement.  Measured  values  were  slightly  higher, 
possibly  because  the  artificial  hailstones  used  had  smoother  surfaces 
than  those  found  in  nature. 

Although  these  hailstones  were  dry  during  fall,  having  been 
kept  at  dry  ice  temperature  prior  to  dropping,  current  literature  on 
hailstone  dynamics  does  not  suggest  any  significant  differences  in 
drag  coefficients  between  wet  and  dry  hailstone  surfaces,  except 
near  the  critical  Reynolds  number  which  is  not  applicable  here  (see 
Section  2.1). 

From  the  derived  values  of  drag  coefficient  in  Table  8,  it 
appears  that  the  assumed  constant  value  of  .60  for  this  elusive 
parameter  was  a  reasonable  assumption. 


CHAPTER  IV 


HAILPAD  NETWORK  DESIGN  AND  INSTALLATIONS 

"Unable,  to  estimate,  all  the.  damage,  done.;  batng  mofie. 
hatlpadA l "  .  Homjid  Smith,  July  23,  7  973. 

"The.  i>tonm  appe,aAe.d  to  devolve.  oveA  heAt  and  hoUZe.d 
about  ^oua  ttmej> ..  Roy  Johnson,  July  23,  7  973. 

4.1  Network  Design 

Since  this  was  the  first  attempt  to  objectively  measure 
Alberta  hailfall  on  a  reasonably  large  scale,  designing  the  network 
was  one  of  the  objectives  of  the  project.  This  included  considera¬ 
tion  of  the  density  and  pattern  of  the  hailpad  stations.  For  the 
1973  network,  these  questions  were  handled  first  in  a  qualitative 
fashion,  then  compared  with  the  quantitative  results  by  other  re¬ 
searchers,  primarily  the  studies  outlined  in  Chapter  I. 

Practical  considerations 

For  the  1973  hailpad  project  the  following  factors  were 
considered : 

(i)  Manpower  and  vehicle:  Full-time  manpower  consisted  of  the 
author  and  one  summer  student  assistant  using  one  vehicle.  Many  of 
the  day-to-day  station  operations  were  undertaken  by  farming  people 
who  volunteered  to  look  after  the  changing  of  hailpads  after  initial 
installations . 
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(ii)  Cost:  Costs  were  minimized  by  the  simple  design  of  the  hail- 

pad  itself,  and  by  installation  with  two  six-inch  spikes  into  the 

ground.  The  cost  per  hailpad  for  materials  (styrofoam,  aluminum  foil, 

tape  and  spikes)  was  approximately  25  cents. 

(iii)  Area  of  coverage:  Two  networks  were  established,  one  in  the 

area  of  operational  cloud-seeding  for  hail  suppression  south  of  Penhold, 

the  other  in  the  area  of  single  storm  experiments  north  of  Penhold. 

In  addition,  the  networks  were  to  be  within  the  useful  radar  range 

% 

of  Penhold  (about  100  miles),  but  outside  the  range  of  ground  clutter 
(about  10  miles). 

(iv)  Accessibility  of  hailpad  sites  by  road. 

(v)  Areas  of  known  high  hail  frequency  (as  indicated  by  Figure  1). 

(vi)  Station  density:  Colorado  data  in  1959  (Schleusener  and 
Jennings,  1960)  showed  that  hailpads  located  two  miles  or  more  apart 
correlated  with  a  coefficient  of  less  than  0.5.  Changnon  (1969) 
suggested  that  at  least  one  observation  site  per  square  mile  was 
necessary  to  adequately  measure  the  areal  extent  of  damaging  hail 
in  Illinois.  Supporting  this  requirement,  Changnon  (1970a)  and 

V 

Changnon  and  Towery  (1972)  determined  the  average  dimensions  of  a 
'hailstreak1  within  a  'hailswath*  to  be  1.1  miles  wide  and  4  to  5 
miles  long.  It  was  suggested  (P.W.  Summers  and  J.H.  Renick,  personal 
communication)  that  Alberta  hailswaths  were  better  defined  than  in 
Illinois  where  freezing  levels  are  generally  higher;  hence  hailstones 
at  ground— level  are  perhaps  smaller  and  occur  less  frequently.  In 
Alberta,  a  typical  'damaging1  hailswath  is  two  to  five  miles  wide 
(Summers  and  Wojtiw,  1971);  hence,  hail  detectors  should  be  no  more 
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than  five  miles  apart  even  if  one  only  wishes  to  establish  whether  or 
not  hail  occurred.  On  the  other  hand,  values  of  impact  energy  will 
range  over  several  orders  of  magnitude.  Therefore,  if  impact  energies 
recorded  on  adjacent  hailpads  a  couple  of  miles  apart  differ  by,  say 
200  per  cent,  this  may  not  be  too  critical. 

Network  plan 

Given  the  above  factors,  it  was  decided  to  make  each  network 

six  townships^-  long  by  four  townships  wide  (or  36  miles  x  24  miles  = 

864  mi1 2  each).  Both  networks  would  be  oriented  west  to  east,  the 

predominant  direction  of  motion  of  Alberta  hailstorms  (Thompson,  1966; 

Paul,  1967).  Hailpad  station  density  was  planned  to  be  one  per  10 

2 

square  miles,  giving  a  mean  station  spacing  of  3.4  miles  and  requiring 
a  total  of  173  hailpad  stations  for  the  two  networks. 

This  plan  included  gridding  of  the  stations  in  checkerboard 
fashion  in  order  to  make  optimum  use  of  the  station  spacing.  The 
gridding  was  only  partially  successful,  however,  since  volunteer  opera¬ 
tors  were  not  always  available  at  the  desired  locations. 

Acquiring  volunteers 

Requests  for  volunteer  hailpad  operators  were  included  in 
Alberta  Hail  Studies'  pre-hail-season  mailings  to  farmers  in  May. 

These  mailings  normally  include  business  reply  hail  report  cards, 
and  appeals  are  made  to  save  hail  samples.  The  request  for  hailpad 


1For  an  explanation  of  Alberta's  land  survey  system,  see  Appendix  1. 

Mean  spacing,  S  ,  of  either  hailpad  sites  or  hailstones  on  the  ground 
has  been  calculated  in  this  dissertation  by  the  formula ,  ^  _  I  2A 
(Lozowski,  personal  communication),  where  N  is  the  p  yj  /3N 
number  in  area  A. 
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volunteers  was  directed  specifically  at  farms  where  some  form  of  hail 
insurance  would  likely  be  taken  out.  This  was  emphasized  so  that  later 
comparisons  could  be  made  with  insurance  statistics  on  crop  damage. 

Most  farms  have  livestock  to  help  offset  losses  in  poor  seasons »  while 
large  farms  often  consist  of  several  scattered  holdings,  reducing  the 
risk  of  complete  bankruptcy  in  case  of  a  major  hail  disaster.  Thus 
many  farmers  play  the  odds  with  hail  damage  and  do  not  take  out  any 
hail  insurance  for  which  premiums  may  be  as  high  as  20  per  cent  of 
crop  value  (Summers  and  Wojtiw,  1971).  Hence,  of  an  anticipated  500 
or  more  volunteers,  only  65  had  replied  by  June  7th,  with  many  of  these 
outside  the  planned  network  areas. 

A  follow-up  two-week  operation  of  telephone  solicitations, 
however,  produced  several  hundred  volunteers,  although  this  operation 
delayed  the  start  of  hailpad  installations. 

4.2  The  Hailpad  Field  Project 

Installations 

Each  farmer  volunteer  (or,  as  was  usually  the  case,  his  wife) 
was  initially  given  eight  hailpads,  four  six— inch  spikes,  a  number  of 
ALHAS  hail  report  cards  with  spaces  for  hailpad  number,  and  an  instruction 
card.  Samples  of  the  hail  report  card  and  the  instruction  card  are 
attached  to  the  inside  front  cover  of  this  dissertation. 

Operators  were  instructed  to  install  the  hailpad  at  a  well- 
exposed  location  on  bare  ground  or  low-cut  grass  by  inserting  two  spikes 
through  opposite  corners  of  the  hailpad.  One  edge  of  the  hailpad  was 
labelled  to  face  north,  so  that  wind  direction  during  hail  could  be 
inferred.  The  site  was  always  chosen  in  consultation  with  the  operator. 
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In  most  cases  this  was  in  the  vegetable  garden, which  was  convenient  for 
the  operator,  was  usually  well— exposed,  and  was  the  least  likely  loca¬ 
tion  for  accidental  damage.  The  directions  for  pad  changes  and  re¬ 
cording  information  can  be  found  on  the  instruction  card. 

Installations  commenced  on  June  20th  and  were  completed  by 
July  13th.  In  the  meantime,  adequate  (though  incomplete)  hailpad  data 
were  recorded  for  five  storms,  on  June  25th,  June  29th,  July  5th,  and 
July  6th  in  the  Southern  Network,  and  on  July  4th  in  the  Northern 
Network. 

The  resulting  main  networks 

Because  of  unforeseen  delays,  three  townships  with  relatively 
low  hail  frequency  were  deleted  from  the  northeast  corners  of  the 
planned  networks.  However,  three  more  townships  were  added  to  the 
western  end  of  the  northern  network  to  cover  an  apparent  'hail  alley' 
near  the  town  of  Rocky  Mountain  House. 

Thus  the  final  network  specifications  were:  in  the  Southern 
Network  152  stations  in  783  mi2,  an  average  station  density  of  one  per 
5  mi2  and  a  linear  spacing  of  2.4  miles;  the  Northern  Network,  be¬ 

cause  of  the  two  large  lakes  and  a  sparcity  of  farms  in  some  areas, 
contained  only  120  stations  in  837  mi2,  or  one  in  7  mi2  and  a  linear 
spacing  of  2.8  miles.  The  detailed  lay-out  of  the  hailpad  stations 
of  both  networks  has  already  been  displayed  in  Figure  2  (Chapter  I) . 

Network  servicing 

During  the  summer,  at  least  one  extra  trip  was  made  to  each 
station  to  replenish  supplies  and  pick  up  used  hailpads.  Occasional 
contacts  were  also  made  by  telephone.  Final  retrieval  or  all  hailpads 
commenced  August  28th  and  this  was  completed  by  September  5th.  Records 


« 


63 


of  12  more  storms  were  obtained  during  the  1  1/2-month  period  of  com¬ 
plete  operations  (July  13th  to  August  27th)  for  a  total  of  17  storms. 
Several  other  minor  storms  were  also  recorded  but  at  only  one  to  three 
stations  per  storm. 

Dense  networks 

The  representativeness  of  one  hailpad  in  six  square  miles 
(the  average  density)  must  at  least  be  questioned.  As  soon  as  problems 
with  the  main  networks  were  resolved,  several  dense  hailpad  networks 
were  set  up  (August  1st  to  4th) .  One  of  these  in  the  Northern  Network 
consisted  of  one  land  section  (1  mi2)  with  25  hailpads  spaced  one- 
quarter  mile  apart.  In  the  Southern  Network,  four  quarter-sections 
were  instrumented  with  9  hailpads  each,  again  spaced  one  quarter  mile 
apart.  The  locations  for  these  five  dense  networks  were  chosen  on  the 
basis  of  (a)  climatologically-f requent  hailfall,  and  (b)  local  hail 
knowledge  acquired  from  the  farmers  during  the  early  part  of  the 
summer.  These  locations  are  shown  in  Figure  2. 

The  dense  networks  were  maintained  by  the  author  with  checks 
at  least  weekly  for  four  weeks.  Regular  hailpad  stations  were  also 
located  at  each  dense  network  so  that  frequent  contact  with  these 
operators  provided  ample  notice  of  any  occurrence  of  hail  or  rain. 

The  northern  dense  network,  designated  DNX,  recorded  a  severe  hail¬ 
storm  on  August  16th,  and  a  less  severe  one  on  August  23rd.  The 
southern  dense  networks,  designated  DNK,  DNW,  DNY,  and  DNZ,  also  re¬ 
corded  the  August  23rd  hailstorm.  The  data  from  these  will  be  discussed 


in  detail  later. 
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Other  hailpad  operations 

Five  meso-meteorological  stations  consisting  of  recording 
tipping-bucket  raingauges,  wet  and  dry  bulb  thermometers,  and  wind 
anemometers  were  set  up  with  extra  help  from  ALHAS  personnel  at 
locations  indicated  in  Figure  2.  Unfortunately,  it  was  necessary 
to  use  two-week  recorders  on  these  with  the  result  that  data  resolution 
on  the  charts  was  difficult  for  certain  crucial  periods;  i.e.,  during 
hail  and  heavy  rainfall. 

Several  mobile  hailpad  operations  were  carried  out.  For 
these,  radio  communication  with  radar  operations  allowed  hailpad 
installations  just  prior  to  hailfall.  These  data  augmented  regular 
network  data,  but  more  importantly,  they  provided  sequential  records 
of  hailfall  as  well  as  variations  in  hailpad  records  over  smaller 
distances  than  in  the  dense  networks  (e.g.,  hailpads  placed  on  opposite 
sides  of  a  road) . 

A  273rd  regular  hailpad  station  maintained  in  distant  Edmonton 
(by  the  author’s  wife)  also  provided  sequential  and  fine  spatial  resolution 

of  hailfall. 

Field  problems 

A  number  of  potential  problems  arose  during  the  summer.  These 
will  be  mentioned  here  before  discussing  the  analysis  of  and  final  results 
from  the  hailpads. 

i)  Since  the  hailpads  were  being  ’nailed’  onto  the  ground,  proper 
exposure  became  a  key  question.  Poor  exposure  in  wind  because  of 
buildings,  trees,  fences,  or  even  a  high  crop  or  tall  grass,  could 
have  greatly  distorted  the  final  results.  Usually  there  was  no  such 
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exposure  problem  at  any  of  the  stations  in  the  two  regular  networks. 

A  few  difficulties  arose  when  setting  up  the  dense  networks,  however, 
where  1/4-mile  spacing  was  desired.  In  these  instances,  the  hailpads 
were  installed  so  that  they  were  exposed  best  to  the  northwest  quadrant, 
since  most  hail  in  Central  Alberta  is  said  to  fall  with  a  west  to  north¬ 
west  wind,  if  any.  The  extent  to  which  this  became  a  source  of  error 
will  be  discussed  later. 

ii)  Keeping  hailpad  sites  away  from  the  main  tracks  of  farm 
vehicles,  animals,  and  people  was  not  usually  a  problem,  and  when  dam¬ 
age  did  occur,  operators  had  been  asked  to  replace  the  hailpads.  In 
the  dense  networks  where  it  was  occasionally  necessary  to  place  a 
hailpad  in  a  pasture,  it  was,  without  exception,  destroyed  by  the 
animals. 

iii)  Birds,  particularly  magpies,  occasionally  damaged  hailpads  by 
pecking  them,  undoubtedly  attracted  by  the  bright  aluminum  foil  cover¬ 
ing.  Overall  this  was  a  minor  problem  because  unless  the  foil  was 
subsequently  torn  off  by  the  wind  or  hail,  the  pecks  were  easily 
distinguished  from  dents.  This  problem  appeared  to  be  confined  to 
certain  areas,  mainly  in  the  Southern  Network. 

iv)  One  problem  which  could  not  be  solved  with  the  manpower  and 
vehicle  available  was  that  of  keeping  a  constant  quality  control  check 
on  operating  sites.  There  were  a  few  cases  where  hailpads  were  left 
unchanged  for  two  to  four  weeks.  In  most  of  these  cases  no  hail  had 
occurred  anyway,  and  the  hailpads  were  found  to  weather  well.  Never¬ 
theless,  a  small  number  of  hailpads  had  to  be  discounted  from  final 
results  because  they  were  exposed  to  more  than  one  hailfall,  or  else 
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the  operator  had  failed  to  note  dates  and  times  of  hailpad  installation 
and  removal,  and/or  that  of  the  hailfall.  As  this  venture  depended  so 
heavily  on  volunteer  efforts  by  the  farmers,  one  cannot  but  be  amazed 
that  so  few  failings  did  result.  In  any  event,  hailpad  changing  at 
such  stations  improved  noticeably  after  the  mid-summer  visits,  suggest¬ 
ing  that  communication  and  public  relations  are  important  aspects  of 
this  type  of  operation. 

v)  This  raises  the  problem  of  different  hailfalls  several  hours 
or  even  minutes  apart.  The  author  has  no  illusions  that  hailpads  are 
able  to  sequentially  separate  such  hailfalls.  Some  hailpad  operators 
dutifully  changed  hailpads  ’immediately1  following  a  hailfall.  One 
lady  produced  three  dented  hailpads  from  one  60-minute  period.  It  is 
more  than  likely  that  most  did  not  do  this,  nor  could  one  expect 
volunteers  to  do  so.  Therefore,  it  was  decided  to  add  together  results 
from  two  hailpads  or  more  if  the  time  separation  was  three  hours  or 
less.  These  cases  numbered  fewer  than  half  a  dozen. 

4.3  Hailpad  Returns 

The  degree  of  cooperation  received  from  the  volunteer  hailpad 
operators  was  gratifying,  to  say  the  least.  Table  9  is  a  summary  of 
hailpad  returns  by  township,  with  no  breakdown  by  range.  Several 
details  of  this  table  are  worthy  of  discussion. 

Volunteer  reliability 

Of  more  than  2500  hailpads  delivered  to  the  volunteers,  less 
than  7  per  cent  were  unaccounted  for  by  the  summer’s  end,  although  a 
figure  of  20  or  25  per  cent  had  been  anticipated.  Much  of  the  7  per 
cent  can  be  attributed  to  difficulties  in  finding  people  home  during 
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the  brief  final  collection  period. 

Hail  frequency 

More  than  70  per  cent  of  the  hailpads  delivered  were  used; 
of  these,  662  hail-dented  pads  were  collected,  about  38  per  cent  of 
the  used  hailpads.  This  latter  figure  is  higher  than  had  been  expected, 
especially  in  view  of  the  fact  that  the  number  of  hail  days  during 
1973  in  Central  Alberta  was  below  normal  (Meheriuk,  1974).  This 
reflects  the  fact  that  a  large  proportion  of  these  hailpads  were 
dented  by  very  small  and/or  very  few  hailstones  normally  not  observed 
visually,  especially  when  some  of  it  occurs  with  heavy  rain  or  during 
darkness.  Other  hailpad  investigators  concur  in  this  observation 
(Changnon,  1971a;  Morgan  and  Towery,  1974). 

The  percentage  of  hail-dented  hailpads  increases  northward 
from  25  per  cent  in  Township  31  to  a  maximum  of  53  per  cent  in  Township 

41.  Although  it  is  tempting  to  do  so,  this  cannot  be  taken  by  itself 

as  evidence  for  hail  suppression  success,  since  not  all  storms  in  the 
Southern  Network  were  seeded,  while  two  in  the  Northern  Network  were. 
Also,  some  of  this  trend  is  due  to  having  a  relatively  high  density 
of  hailpad  stations  in  the  southeastern  portion  of  the  Southern  Net¬ 
work  (Figure  2)  where,  ironically,  very  little  hail  occurred  in  1973. 

Rain  dents 

As  stated  earlier,  rain  dents  are  easily  distinguished  from 
hail  dents.  On  the  average,  hailpads  were  exposed  for  eight  days; 

some  less  because  of  hail  or  other  damage,  some  longer  because  no 

weather  occurred  and  the  hailpad  was  undamaged  or  else  the  operator 
forgot  to  change  it  on  time.  Table  9  shows  that  there  were  very  few 
8-day  periods  at  point  locations  in  Central  Alberta  when  precipitation 
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of  some  form  did  not  occur.  Fifty-three  per  cent  of  these  periods 
received  rain  only,  38  per  cent  had  hail  and  rain,  and  only  9  per  cent 
were  dry. 

Other  hailpad  returns 

The  dense  networks  yielded  83  hail-dented  pads  from  two  hail 

days  in  August.  Eleven  dented  hailpads  resulted  from  three  mobile  opera- 

/ 

tion  days,  while  the  Edmonton  site  produced  five  hail-dented  pads. 

Table  10  summarizes  these  returns  and  the  1973  season  totals, including 
761  hail-dented  pads. 


Table  10.  Summary  of  hailpad  returns  for  dense  networks,  mobile 
and  Edmonton  operations,  and  the  1973  summer  totals. 


Hailpads 

Collected 

Hailpads 

Operation 

Hailpads 
Delivered /Used 

Hail 

Dents 

Rain 

Only 

Damaged  or  no 
Hail  or  Rain 

Unaccounted 

for* 

DNK  (Southern) 

11  /  11 

8 

0 

3 

0 

DNW  (Southern) 

11  /  11 

8 

0 

2 

1 

DNY  (Southern) 

10  /  10 

9 

0 

1 

0 

DNZ  (Southern) 

9  /  9 

8 

0 

0 

1 

DNX  (Northern) 

52  /  52 

50 

0 

2 

0 

TOTALS 

93  /  93 

83 

0 

8 

2 

Mobile 

15  /  15 

11 

4 

0 

0 

Edmonton 

16  /  16 

5 

11 

0 

0 

Totals  from 
Main  Networks 

2513  /  1766 

662 

937 

167 

169 

1973  Summer 
Hailpad  Totals 

2673  /  1890 

761 

952 

175 

171 

*The  number  of  hailpads  collected  unused  is  not  included  in  these  columns 


CHAPTER  V 


HAILPAD  ANALYSIS 


"A  &2W  hailstones  fiell  about  the.  time,  fiatn  staAted. 
Matn  hail  was  ton  minuter  latet.  Tkeuie  was  a  minute, 
two  stiong  guts  ofi  wind  as  hail  started,  but 
most  o jj  the  time  winds  wexe  tight." 

.  John  Hull,  Juty  4,  1973. 

"Was  unable  to  get  a  sample  oa  notes  on  stoAm  as 
tt  was  an  eleetnieal  stoAm  and  I  wouldn't  get  up." 

...  C.H.  TAautnan,  August  2,  1973. 


5.1  Procedure 

Hailpad  dent  diameters  are  related  by  Equation  21  to  hail¬ 
stone  diameters,  from  which  the  other  hailfall  parameters  of  ice  mass, 
momentum,  and  energy  are  derived.  The  procedure  used  to  obtain  such 
information  follows. 

The  largest  dents  are  carefully  measured  and  counted  first. 
For  the  smaller  dents  which  are  less  important  in  the  overall  impact 
energy,  a  subjective  estimation  procedure  is  applied.  However,  if  this 
procedure  is  carried  out  in  an  organized  fashion,  then  with  practice , 
two  analysts  should  be  able  to  produce  consistent  hailpad  results. 

Random  Analysis 

Hailpads  were  chosen  at  random  for  analysis,  the  sorting  by 
storm  date  and  land  location  being  done  only  after  all  analyses  had 
been  completed.  This  was  beneficial  in  that  deliberate  or  inadvertent 
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bias, resulting  from  similarly-dented  adjacent  hailpads  from  the  same 
storm, was  then  avoided.  The  randomizing  also  had  some  psychological 
benefit  of  reducing  boredom. 

Maximum  dent  sizes 

Dent  measurements  were  initiated  by  counting  the  largest  sizes 
first,  then  working  on  down  to  the  smallest.  Most  dents  have  ridges  so 
that  interpreting  the  edges  of  dents  can  be  confusing  at  first.  Since 
the  hand  analyses  were  performed  by  several  people,  the  hailpads  there¬ 
fore  were  first  maximized  by  the  author;  i.e.,  all  (761)  hailpads  were 
scanned  for  the  maximum  dent  diameter  and  this  value  was  imprinted  on 
the  hailpad.  The  purpose  in  this  was  to  place  an  accurate  upper  bound 
on  the  measurements,  which  would  serve  as  a  point  of  reference  for  the 
individual  analyst’s  interpolation.  The  maximizing  thus  helped  to 
reduce  minor  variations  in  measurement  techniques  and  to  create  a 
trend  towards  uniformity  of  the  dent  size  spectrum  for  each  hailpad, 
especially  since  the  bigger  sizes  often  contribute  a  larger  proportion 
of  total  mass,  impact  energy,  and  impact  momentum  even  when  their 
numbers  are  relatively  small.  Although  this  is  a  form  of  deliberate 
bias,  (because  of  the  dent  ridges)  the  same  weighting  is  applied  to 
all  hailpads. 

Overlays 

The  analysis  procedure  involved  the  use  of  two  transparent 
overlays  for  the  hailpad.  One  had  imprinted  circles  of  diameters  0.1 
to  1.0  inch  at  .1-inch  intervals,  and  1.0  to  2.0  inches  at  .25-inch 
intervals.  Dents  were  estimated  to  the  nearest  .05  inch,  interpolating 
between  tenths  on  the  overlay.  Dents  greater  than  one  inch  were 
usually  measured  by  ruler  also.  The  number  of  each  size  was  recorded 
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for  each  hailpad.  A  second  ’squared’  overlay,  shown  in  reduced  size  in 
Figure  15,  consisted  of  three  squares  of  areas,  9,  36,  and  100  square 
inches,  representing  1/16,  1/4,  and  100/144  of  a  hailpad,  respectively. 


Figure  15.  The  hailpad 

overlay  used  in 
the  counting  and 
estimation 
procedure. 


Number  estimation 

Hail  dent  numbers  ranged  from  1  to  8000  on  the  1973  hailpads. 
Counting  several  thousand  dents  on  a  hailpad  would  be  a  formidable 
task  if  each  were  measured  and  counted  individually.  Therefore,  an 
approximate  but  reasonably  accurate  method  of  estimating  numbers  was 
devised. 

With  the  ’squared’  overlay  fixed  on  the  hailpad, systematic 
counting  of  one  size  at  a  time  commenced  on  the  inside  (9-in2)-  square, 
then  proceeded  to  the  remainder  of  the  36-in2  square,  then  to  the 
100-in2  square,  and  finished  on  the  hailpad ’s  outside  one-inch  edge. 

If,  at  the  end  of  one  of  these  counting  stages,  the  accumulated  count 
had  exceeded  100  (although  sometimes  the  figure  50  was  used),  then  at 
this  point  the  appropriate  multiplication  factor  (16,  4,  or  1.44)  was 
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applied  to  estimate  the  count  per  square  foot.  However,  dent  diameters 
—  .5  inch  were  always  counted  over  the  whole  hailpad.  Since  hailpad 
edge  effects  could  affect  dents  smaller  than  . 5-inch  diameter,  such 
sizes  were  usually  counted  only  within  the  100-in2  area  (or  a  smaller 
area) . 

A  concerted  effort  was  made  to  measure  occasional  multiple 
dents;  i.e.,  small  dents  within  larger  ones.  All  dents  were  marked 
on  the  overlay  as  they  were  counted,  using  different  markings  and  pens 
with  colored  water-soluble  ink  for  each  size, in  case  of  a  pause  during 
the  analysis.  The  overlay  could  be  wiped  clean  afterward  and  used  on 
the  next  hailpad. 

For  hailpads  having  a  large  number  of  small  dents  from  shot 
size  hail  (see  Table  11  for  dent  sizes),  these  might  be  counted  over 
the  9-in2  area, but  the  overlay  was  first  positioned  so  as  to  sample 
an  area  representative  of  the  hailpad.  This  smallest  area  was  usually 
used  when  numbers  in  excess  of  1000  over  the  entire  pad  were  involved. 
Such  estimates  were  generally  rounded  off  to  the  nearest  50,  or  100 
if  exceeding  2000. 

Quality  control 

Several  checks  on  this  method  were  carried  out  by  labouriously 
counting  all  dents  on  a  number  of  hailpads.  On  comparing  with  earlier 
estimates,  differences  for  a  given  size  were  almost  always  less  than 
10  per  cent,  with  much  of  this  being  explained  by  the  choice  between 
adjacent  sizes;  e.g.,  a  dent  diameter  of  .30  inch  might  be  interpreted  as 
.25  or  .35  inch.  To  minimize  error  therefore,  most  hailpads  with  several 
hundred  or  more  dents  were  analyzed  at  least  twice,  usually  by  different 
analysts,  and  the  counts  were  averaged.  Apart  from  using  the  same 
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maximum  size,  all  repeats  were  performed  without  knowledge  of  previous 
results.  If  the  9-inch2  area  only  was  used  for  a  count,  the  hailpad 
was  always  re-analyzed.  If  differences  in  any  numbers  then  exceeded 
10  per  cent,  the  count  was  repeated  again.  The  average  of  all  analyses 
of  a  hailpad  was  adopted. 

Three  part-time  assistants  were  employed  by  ALHAS  to  assist 
in  the  analyses.  Each  one  spent  several  days  repeatedly  analyzing 
about  10  hailpads  until  their  approach  produced  consistently  uniform 
results.  Nevertheless,  more  than  65  per  cent  of  the  hailpads  were 
analyzed  by  the  author,  including  390  original  analyses  and  110  repeats. 

The  analysis  commenced  in  mid-September  and  was  completed  in 
mid-January.  Several  months  later,  a  few  randomly  chosen  hailpads  were 
analyzed  yet  again.  Total  values  of  impact  energy  differed  from  the 
previously  measured  values  by  less  than  5  per  cent  for  all  cases. 


5.2  Final  Data 

Total  values  of  hail  parameters  were  computed  for  each  hail¬ 
pad.  At  the  same  time,  since  little  work  had  been  done  previously  on 
accurate  determination  of  the  size  spectrum  of  hailstones,  it  was  con¬ 
sidered  useful  to  subdivide  the  data  according  to  the  conventional 
hailstone  size  categories;  i.e.,  shot,  pea,  grape,  walnut,  golfball, 

and  >  golfball. 

Size  categories 

In  order  to  convert  the  quantitative  size  distributions 
obtained  from  the  hailpad  analyses  into  the  above  descriptive  cate¬ 
gories,  appropriate  size  intervals  for  the  categories  were  determined. 
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Since  ALHAS  had  previously  defined  only  mean  diameters  for  these  cate¬ 
gories,  upper  and  lower  limits  were  based  on  volume  medians  of  the  mean 
diameters.  The  hail  diameter  intervals  were  also  converted  to  hailpad 
dent  diameter  intervals  (to  the  nearest  .05  inch)  via  Equation  21.  The 
intervals  for  both  hailstone  and  dent  diameter  are  shown  in  Table  11. 
These  size  intervals  closely  approximate  those  suggested  by  Paul  (1967, 
1968). 

Table  11.  Upper  and  lower  boundaries  for  hail  diameters 
and  the  corresponding  dent  diameters  for  the 
descriptive  hail  size  categories  reported  by 
Alberta  volunteer  observers. 


Observer 

ALHAS  Mean 

Hailstone  and  Dent  Diameter 

Intervals 

> 

Hail  Size 

Diameter  (cm) 

Hailstone  (cm) 

Dent  (in) 

Shot 

0.2 

< 

0.6 

< 

.05 

Pea 

0.8 

0.6 

— 

1.2 

.10 

- 

.30 

Grape 

1.6 

1.3 

- 

2.0 

.35 

- 

.60 

Walnut 

2.4 

2.1 

- 

3.2 

.65 

- 

1.10 

Golfball 

4.0 

3.3 

- 

5.2 

1.15 

- 

2.00 

>  Golfball 

6.0 

> 

5.2 

> 

2.00 

Computations 

Computations  of  hail  mass,  impact  energy,  and  impact  momentum, 
as  derived  from  the  dents, were  carried  out  on  the  University  of  Alberta 
IBM  360/67  computer.  A  sample  of  the  type  of  output  obtained  appears 
in  Appendix  III.  Later,  hailpad  analyses  were  sorted  by  storm  date  and 
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location. 

Errors  of  estimation 

Errors  result  from  (i)  actual  counting,  (ii)  the  dent  diameter 
measurements,  and  (iii)  the  estimation  procedure. 

Counting  errors  will  usually  result  in  underestimates  of 
numbers  partly  because  of  unrecognized  multiple  dents  where  large  num¬ 
bers  and  large  hailstones  are  involved, and  partly  because  the  analyst 
will  miss  a  few  (though  this  number  is  usually  negligible) ,  yet  he 
will  never,  if  the  overlay  is  properly  fixed  and  marked,  count  the 
same  dent  twice.  Counts  of  shot-size  dents  may  tend  to  be  overestimated, 
not  because  he  counts  some  twice,  but  because  some  of  these  dents  are 
made  by  chips  off  larger  hailstones  on  impact^.  But  where  such  large 
hailstones  and  numbers  are  involved,  the  overall  contribution  to  impact 
energy  of  the  shot  size  stones  is  small,  usually  less  than  5  per  cent 
(see  Appendix  III  for  an  example). 

It  has  already  been  mentioned  that  errors  in  the  dent  diameter 
measurements  are  a  maximum  of  ±.05  inch.  Errors  from  the  estimation 
procedure  are  simply  sampling  errors,  since  counts  are  being  made  for 
areas  smaller  than  1  ft2.  Such  sampling  errors  are  similar  to  those 
estimated  by  Changnon  (1969)  and  Changnon  and  Towery  (1972),  where 
various  size  sensing  surfaces  were  used,  except  that  in  the  current 
study,  the  smaller  sensing  surface  applied  only  to  the  smaller  and  less 
important  sizes. 

A  summary  of  uncertainties  due  to  these  measurement  errors 
appears  in  Table  12.  The  uncertainties  of  this  analysis  technique  are 

^This  effect  has  been  observed  during  hailfalls. 
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Table  12.  Summary  of  experimental  errors  due  to  the  analysis 
technique . 


Error  Source 

Uncertainty  for 

Individual  Hail 
Sizes  (in) 

Number  of  a 
Given  Size 

Total  Impact 
Energy 

Real  counts 

NA 

-  5% 

-  5% 

Dent  diameter* 

±.05 

NA 

±10% 

Estimated  counts 

NA 

±10% 

±10% 

Combined  uncertainty 

.05 

±15% 

±25% 

*This  error  is  partially  self-compensating  for  the  total  impact  energy 
on  a  hailpad,  since  a  dent  not  counted  as  one  size  is  included  in  the 
number  of  the  next  smallest  or  largest  size. 


no  greater  than  those  brought  about  by  the  choice  of  physical  constants 
(Table  6),  or  by  the  measurement  of  dent  diameters  of  wind-blown  hail¬ 
stones  (Table  8). 

5.3  Complete  Automation  of  Hailpad  Analysis 

On  the  average,  hailpads  require  15  minutes  to  analyze, 
excluding  time  required  for  punching  computer  cards,  etc.  This  time- 
consuming  aspect  of  analysis  was  brought  to  the  attention  of  Dr.  W.  A. 
Davis  of  the  Computing  Science  Department  at  the  University  of  Alberta. 
A  graduate  student,  Tsang  (1974)  was  assigned  the  task  of  developing 
a  digital  picture  processing  method  for  measuring  and  counting  dent 
sizes  on  hailpads.  Some  results  of  his  work  are  shown  in  Figure  16. 


— - 
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(a)  Aluminum  foil-covered  hailpad 
(#1192).  The  long  dark  band 
is  used  later  to  calculate 
s  izes 


(b)  Picture  of  hailpad  (dents  by 
large  steel  spheres)  with 
foil  removed,  styrofoam  inked 
by  roller  to  emphasize  dents; 
black  spots  are  accidental 
ink  blotches. 


(c)  Digitized  binary  matrix 

picture  output  of  (a)  with 
boxes  enclosing  matrix  dent 
regions;  binary  regions 
removed  in  this  photo. 


(d)  Digitized  version  of  (b) 
as  in  (c) 


Figure  16. 


Some  results  of  automatic  hailpad  analysis  by  digital 
picture  processing,  (after  Tsang,  1974). 
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Equipment  for  this  system  includes  a  television  camera  mounted 
about  three  feet  from  the  hailpad, which  scans  the  hailpad  and  digitizes 
the  information  into  a  multi-grey-level  picture  matrix.  A  PDP-9  com¬ 
puter  processes  the  digitized  picture, transforming  it  into  a  binary 
picture  matrix  by  the  use  of  a  specified  threshold  grey  level.  In 
Figure  16,  (c)  and  (d)  are  the  binary  picture  matrices  of  (a)  and  (b) , 
but  with  the  binary  representations  of  the  hail  indentations  replaced 
by  rectangular  boundaries  tangent  to  the  binary  regions.  These  bound¬ 
aries  are  only  approximate,  and,  at  this  writing,  do  not  accurately 
display  elongated  dents  and  pairs  of  touching  dents  for  example.  How¬ 
ever,  the  computer  is  easily  programmed  to  print  out  statistics  on  dent 
sizes,  impact  energy,  etc. 

The  highly-ref lective  aluminum  foil  with  many  wrinkles  and 
scratches,  as  on  hailpad  #1192  in  Figure  16(a),  created  numerous  shadow 
effects  which  confused  the  digital  processing,  making  it  necessary  to 
try  various  combinations  of  illumination  and  grey— level  threshold 
values.  Using  four  such  combinations  on  the  same  hailpad  (#1192), 
values  of  impact  energy  were  7.2,  18.9,  47.4,  and  80.7  J  m  ,  as  com¬ 
pared  with  the  hand— analyzed  total  of  204.6  J  m  Tsang  s  maximum 
value  results  from  picture  enhancement  to  improve  the  overall  contrast 
before  transformation  into  the  binary  form.  The  problem  would  probably 
be  complicated  by  the  wide  variety  of  dented  hailpad  types. 

In  order  to  improve  on  these  poor  results, the  aluminum  foil 
was  removed  from  a  hailpad  dented  by  large  steel  spheres  and  the  styro 

■'"Impact  energies  were  computed  by  the  author  from  the  values  of  dent 
diameters  given  by  Tsang  (1974). 


« 


80 


foam  inked  with  a  roller  (Figure  1  (b)).  With  less  of  an  illumination 
problem  two  experiments  on  this  pad  using  different  grey-level  thresh¬ 
old  values,  yielded  impact  energy  values  of  61.9  and  72.3  J  m~2,  as 
compared  with  187.5  J  m  2  for  the  hand-analyzed  version.  These  are 
relative  errors  of  -67  per  cent  and  -61  per  cent.  A  problem  when 
removing  the  aluminum  foil,  however,  is  that  most  dents  of  diameters 
4:. 30  inch  (corresponding  to  shot  and  pea  size  hail)  did  not  show  up 
on  the  styrofoam,  even  when  the  pad  was  inked.  Unless  this  problem 
can  be  surmounted^,  small  dents  will  still  have  to  be  measured  manually. 

Most  errors  in  this  system  were  of  two  sources,  both  of  which 
led  to  underestimates  of  impact  energy.  First,  many  small  dents  were 
missed,  partly  because  of  the  above  problem  with  uncovered  pads,  but 
also  because  there  appeared  to  be  some  dent  resolution  problem  in  the 
system.  Secondly,  most  dent  sizes  were  underestimated,  especially  on 
the  foil-covered  hailpad.  The  reason  for  this  is  not  obvious,  but  it 
appears  to  result  from  shadows  across  dents  caused  by  the  use  of  oblique 
lighting. 

In  spite  of  these  difficulties,  with  further  refinements  this 
analysis  system  has  the  potential  to  make  an  extensive  and  more  dense 
hailpad  network  a  practical  means  for  evaluation  of  hailfalls,  since 
the  whole  process  requires  only  three  to  five  minutes  per  hailpad. 

5.4  Hailpad  Estimation  of  Winds 

The  problem  of  hailpad  calibration  for  wind-blown  hailstones 

has  already  been  discussed  in  Chapter  III.  A  major  problem  in  the  field 


"'"Preliminary  1974  tests  by  ALHAS  indicate  that  sanding  the  styrofoam 
surface  will  alleviate  some  of  this  problem. 
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is  how  to  effectively  measure  wind  speed  and  direction  during  the  few 
minutes  that  hail  is  falling, since  the  hail  may  not  necessarily  fall 
with  the  strongest  surface  winds.  Paul  (1968)  gave  a  mean  duration  at 
a  point  for  Alberta  hailfalls  of  10  minutes.  It  is  difficult  to 
accurately  measure  wind  in  the  field  with  a  recording  anemometer  and 
still  keep  the  record  in  phase  with  hailfall  durations  of  10  minutes 
or  less.  Volunteer  hail  reports  received  by  ALHAS  indicate  winds  as 
light,  moderate,  strong  or  severe,  but  it  is  doubtful  whether  observers 
always  estimate  this  wind  just  as  hail  is  falling.  Wind  direction  is 
not  a  request  on  the  volunteer  reports. 

Previous  hailpad  wind  estimates 

Wind  directions  during  hailfall  were  determined  from  hailpads 
by  Schleusener  and  Jennings  (1960)  and  by  Changnon  (1969) .  Changnon 
also  used  the  hailstool  (see  Chapter  I)  to  measure  vertical  angles  of 
impact.  More  recently,  Morgan  and  Towery  (1974)  used  hailcubes  (see 
Chapter  I)  on  a  one  square  mile  network  in  Nebraska  in  1973  and  ob¬ 
tained  estimates  of  wind  speeds  and  directions  during  hailfall.  Since 
hailpads  had  five  exposed  surfaces  in  the  Alberta  project  (albeit,  four 
of  which  were  only  1  inch  x  12  inches  each) ,  the  author  has  made  approx¬ 
imate  determinations  of  wind  speed  during  hailfall  in  addition  to  wind 
direction. 

Wind  direction 

Visual  inspection  of  a  hailpad  reveals  wind  direction  during 
the  hail, as  long  as  winds  had  exceeded  3ms1  (>  7  mph),  the  hailpad 
was  not  badly  damaged, and  the  orientation  of  the  pad  with  respect  to 
true  north  was  known  (usually  fixed  by  reference  to  nearby  fences  and 
roads  which  run  north— south  and  east— west) .  The  orientation  of  the 
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major  axes  of  elliptical  dents  is  the  wind  orientation  but  not  direction 
(since  there  is  an  ambiguity  of  180  ) .  The  true  direction  is  then  re¬ 
vealed  by  dents  on  one  or  two  edges  of  the  hailpad.  If  winds  are  less 
than  3ms  vertical  impact  angles  are  less  than  10°  and  cannot  be 
reliably  read.  Also,  the  two  dent  axes  will  be  approximately  the  same. 

Wind  speed 

Hailpad  determination  of  wind  speed  during  hailfall  is  more 
difficult.  The  vertical  angle  of  impact  of  the  hailstones  must  first 
be  known.  This  can  be  derived  from  the  angles  of  the  streak-like  dents 
made  by  hailstones  impacting  on  the  vertical  edges  of  the  pad.  Winds 
must  be  strong  enough  (>  3ms  1 )  to  cause  these  streaks,  while  hailpad 
edges  must  be  undamaged  and  well-exposed.  Also,  one  must  be  certain 
that  the  hailpad  was  installed  reasonably  level  in  order  to  obtain  the 
horizontal  component  of  the  hailstone  velocity. 

Figure  17  schematically  illustrates  (a)  a  hailstone  falling 
with  terminal  velocity  W  ,  while  moving  horizontally  with  the  wind 
speed  W  ,  and  (b)  dent  streaks  which  the  hailstones  make  on  the  hail- 
pad  edges. 


Assuming  that  the  streaks  corresponding  to  and  &  were 
made  by  similar  hailstones,  theno*  and  can  be  considered  to  be 
components  of  the  vertical  impact  angles  and 


(25) 


There  is  no  simple  way  (with  just  one  hailpad)  of  determining  what 
hailstone  diameters  make  each  of  the  angles  If  we  suppose, 

however,  that  there  is  some  average  size  hailstone  which  has  an  average 
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(a)  (b) 

Figure  17.  (a)  A  hailstone  of  mass  m,  terminal  velocity  W,^,  moving 

horizontally  with  a  wind  W^,  has  total  impact  energy 

eit  ■  7"(wt2  +  wh2) ' 

(b)  Two  edges  of  a  hailpad  with  dent  streak  angles 

otj »  «2»  . on  one  edge,  3  ,  32,  . on  the 

other,  a  and  3  represent  means. 


terminal  velocity  wT  ,  then  we  can  reasonably  assume  that  two  such 
hailstones  make  streak  angles  and  ^  on  the  two  hailpad  edges. 
Hence,  the  average  of  the  and  £>'t  (usually  4-8  streaks  per  edge 
are  clearly  visible)  will  approximate  oC.  and  ^ .  These  crude  assump¬ 
tions  do  not  stray  far  from  reality, since  large  hailstones  (>  .8  inch) 
mutilate  the  hailpad  edge  and  cannot  be  used,  while  small  ones  (<  .3 
inch)  rarely  make  visible  streaks. 

The  remainder  of  the  problem  is  one  of  geometry,  and  it  can 
be  shown  (using  spherical  polar  coordinates)  that  in  Figure  17(b), the 
vertical  angle  of  impact  is  given  by: 


.  lib 
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0  =  tan1  [(tan*  oc  +  tan2  $)'/£\ 


(26) 


Substituting  this  into  Equation  25  and  re-arranging  terms,  the  horizon¬ 


tal  wind  speed  is  given  by: 


K  =  [it  (t,,nV + tan2f!) 


»/2 


(27) 


where  we  have  also  approximated  \a/t  -  (2Ei/K)'A  ,  where  and 
M M  are  respectively  the  hailpad  totals  of  vertical  impact  energy  and 
ice  mass  over  all  sizes. 

Accuracy 

Taking  the  required  precautions , the  hailpad-inf erred  wind 
directions  are  believed  accurate  to  16  points  of  the  compass.  Since 
in  almost  all  cases, impact  angles  will  be  measured  from  streaks  made 
by  hail  diameters  of  about  .3  to  .8  inch, for  which  terminal  velocities 
vary  from  12  to  19  m  s  then  Equation  27  should  give  wind  speeds 
accurate  to  almost  5ms1  (about  10  mph)\ 

Of  course, the  hailcube  as  used  by  Morgan  and  Towery  (1974) 

would  give  better  results  (at  more  cost  and  more  effort),  since  one 

could  theoretically  measure  the  hailstone  diameter  D,,  which  made  each 

angle  a  or  3  .  The  method  described,  however,  though  a  rough  and 
i  i 

ready  one,  accords  far  more  confidence  in  the  wind  speed  obtained  than 
that  estimated  by  a  volunteer  using  ears  and  eyes  as  instruments. 

Not  all  of  the  761  hailpads  were  analyzed  for  winds  because 
of  the  lack  of  time  and  manpower.  But  some  results,  where  nearby  wind 


^In  a  few  instances,  W^,  was  as  low  as  10  and  as  high  as  22  ms  . 
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anemometer  data  were  available  for  comparison,  verify  the  validity 
of  the  approach  described.  These  will  be  discussed  in  Chapter  VI. 


CHAPTER  VI 


RESULTS 

"A  mo  At  teAAlfiylng  AtoAm.  It  ke.pt  going  back  and 
fioAtk  oveA  the  kouAc  fioa  fiouA  kouAA.  I  lvoa  too 
fiKlghtcncd  to  get  up  and  Zook." 

.  Anna  JenAen,  July  13,  7973. 

"A  fiew  oa  big  oa  golfiballA.  Heavy  ulnd  at  filrut; 

ZateA  nothing." 

...  WiA.  E.  GltZund,  KuguAt  16,  1973. 

"HalZ  moa  too  ao fit  and  tight  to  cauAc  any  damag.c." 

Mha.  M.  R adfioad,  KuguAt  13,  1973. 

Four  typical  hail-dented  hailpads  from  this  1973  study  are 
shown  in  the  photographs  of  Figure  18.  A  summary  of  data  for  all  761 
hailpads  appears  in  Appendix  V. 

6.1  Comparative  Summary  of  the  Two  Main  Networks 

The  major  hailswaths  of  1973  in  Central  Alberta  (as  derived 
from  hail  card  reports)  are  shown  in  Figure  19  (after  Meheriuk,  1974). 
The  two  hailpad  networks  were  favourably  located  for  most  of  these 
storms,  most  of  which  tracked  from  west  to  east.  Several  hailswaths 
of  only  small  hail  were  also  well  sampled. 

A  total  of  17  hailstorms  struck  the  two  networks.  These  are 
summarized  in  Table  13,  showing  the  maximum  and  mean  values  of  several 
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HAILPAD 

D..(max) 


#2651 ,  Site  G76;  16/Aug/73. 
=  2.0  cm;  =  160  g  m“2; 

J  m_2;  Wind  SW/light. 


HAILPAD  #1656,  Site  G1 

D  (max)  =  2 . 0  cm ;  M  = 
H  H 

E-j.  =  164  J  m-2;  Wind 


16/Aug/73 . 
1458  g  m~2; 
Calm. 


HAILPAD  #2621,  D.N.  X10;  16 /Aug/ 73. 

D^(max)  =  3.8  cm;  =  5256  g  m  2; 

E  =  993  J  m“2;  Wind  W/56  mph, 

1  0  =  52°. 


HAILPAD  #2003,  Site  Q4;  24/Aug/73. 

D  (max)  =  1.3  cm;  M  =  2860  g  m  2 
H  n 

E].  =  182  J  m"2;  Wind  NNE/light. 


Figure  18 . 


Four  1973  hail-dented  hailpads  with  measured  values  of 
maximum  hail  size,  hail  mass,  impact  energy,  and  wind. 
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Figure  19.  The  major  hailswaths  (with  walnut  or  larger  hail)  of 
1973  in  Central  Alberta,  (after  Meheriuk,  1974). 

parameters  for  each  storm.  It  must  be  emphasized  here  that  these 
values  represent  only  the  hail  which  fell  on  the  networks,  and  that  in 
several  cases,  much  more  damaging  hail  occurred  outside  (June  29  being 
a  good  example) . 

The  mean  values  were  based  on  the  number  of  hail-dented 
hailpads  only,  rather  than  on  all  of  the  pads  exposed  throughout  the 
network,  while  each  pad  had  equal  weight  in  the  averaging.  Also  rain 


Table  13.  Summary  of  17  Alberta  hailswaths  by  date  for  the  two  main  hailpad  networks,  dense  network 
data  not  included;  June  20  to  August  28,  1973. 
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amounts  (which  could  have  been  measured  or  just  estimated)  were  avail¬ 
able  at  only  40  per  cent  of  the  hailpad  sites,  so  that  the  mass  ratios 
of  rain  to  hail  are  based  on  values  only  at  those  sites.  The  following 
facts  from  Table  13  are  worth  pointing  out: 

(1)  Rain  mass  outweighed  hail  mass  in  these  hailstorms  by  a  factor  of 
20-25.  Much  of  this  rain,  however,  may  have  resulted  from  the  larger 
synoptic-scale  system  involved,  since  most  volunteers  do  not  check  rain 
amounts  until  all  precipitation  has  ended  (personal  communication  with 
farmers) . 

(2)  The  Southern  Network,  where  ’most'  cloud  seeding  was  carried  out, 
received  on  the  average,  almost  twice  as  many  hailstones  per  unit  area 
(about  800  ft  2)  as  the  Northern  Network,  but  maximum  sizes  tended  to 
be  smaller. 

(3)  Average  hail  mass  per  unit  area  (where  hail  occurred)  was  about 
the  same  in  both  networks,  but  the  Southern  Network  received  a  greater 
ratio  of  water  mass  to  ice  mass  (27  to  20) . 

(4)  The  mean  impact  energy  for  the  Northern  Network  was  about  50  per 
cent  higher  than  that  for  the  Southern  Network,  a  result  of  similar 
average  hail  masses,  but  relatively  larger  hailstones  in  the  Northern 
Network. 

It  is  tempting  to  use  the  data  of  Table  13  to  consider  the 
implications  of  hail  suppression.  One  must  be  cautious,  however,  since 
not  all  of  the  Southern  Network  storms  were  seeded,  nor  were  all  the 
Northern  Network  storms  left  unseeded.  In  fact,  the  mere  omission  of 
data  from  the  storm  of  August  16  from  the  Northern  Network,  drops  the 
mean  impact  energy  below  that  of  the  Southern  Network.  The  evaluation 
of  hail  suppression  will  therefore  be  given  limited  treatment  in  a 


« 
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later  discussion. 

6.2  Hallfall  and  Crop  Damage 

Sensitivity  of  the  hailpad 

One  of  the  major  reasons  for  interest  in  the  hailpad  is  to 
physically  relate  hailfall  parameters  to  crop  damage.  Previous 
attempts  by  ALHAS  to  do  this  have  relied  on  the  calculation  of  impact 
energy  from  the  information  on  hailstone  size  and  spacing  given  on  the 
volunteer  hail  report  cards.  The  volunteer  reports,  however,  tend  to 
overestimate  hail  size  and  numbers  in  moderate  to  severe  hailstorms, 
and  underestimate  the  smaller  storms.  This  conclusion  rests  on  com¬ 
parisons  of  hailpad  data  with  a  volunteer’s  hail  card  report  at  the 
same  time  and  location.  Another  example  of  this  is  in  the  range  of 
values  of  impact  energy  that  Wojtiw  and  Renick  (1973)  obtained  from 
hail  cards;  namely  10  2  to  10  3  J  m  2.  On  the  other  hand,  the  range 
of  sensitivity  of  the  hailpad  in  1973  was  10  *  J  m  2,  representing 
only  5  shot  size  hailstones  on  a  hailpad,  to  2  x  103  J  m“2,  represent¬ 
ing  the  whole  spectrum  of  hail  sizes  up  to  golf ball  and  larger.  This 

maximum  value  resulted  in  shattered  vehicle  windows  and  holes  in  some 

barn  roofs.  Moreover,  hail  impacting  with  an  energy  of  only  10  J  m 

would  unlikely  be  seen  on  the  ground  after  impact,  even  by  the  most 

trained  observer,  while  103  J  m  2  would  result  in  the  ground  being 
more  than  covered  by  golfball  and  larger  hailstones  only,  a  most  un¬ 
likely  situation.  Thus  the  extremes  of  10  2  and  10 5  J  m  2  do  not 
appear  to  be  realistic. 
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Scatter  graphs 

Many  hail-dented  hailpads  were  accompanied  by  the  volunteer's 

hail  report  card  which  also  usually  included  the  farmer's  estimate  of 

crop  damage.  The  various  hail  parameters  were  compared  with  these 

2 

rough  estimates  of  per  cent  crop  damage.  Figure  20  shows  the  relation 
with  impact  energy,  though  considerable  scatter  is  evident.  Other 
graphs  of  crop  damage  vs.  impact  momentum,  hail  mass,  and  maximum  hail¬ 
stone  size,  showed  as  much  or  more  variation. 

There  are  several  reasons  for  the  scatter  in  these  relations. 

(1)  Estimates  of  crop  damage  are  made  by  farmers  within  hours 
of  hail  occurrences,  often  before  they  can  properly  assess  damage,  in 
order  to  prepare  prompt  hail  reports. 

In  addition,  because  of  lack  of  data,  Figure  20  does  not  take  into 
account 

3 

(2)  different  crop  types  , 

(3)  the  time  in  the  growing  season, 

(4)  different  soil  types, 

(5)  local  climatic  differences, 

(6)  different  farming  methods, 

and  (7)  differences  in  hailfall  other  than  impact  energy. 

(8)  It  is  quite  possible  that  the  farmer's  damage  estimate 
is  not  representative  of  damage  at  the  hailpad  site,  but  at  another 

1Much  of  the  light  hailfall  on  hailpads  goes  unnoticed  by  the  farmer, 
so  that  a  hail  report  card  was  often  missing. 

2Crop  insurance  statistics  by  land  location  were  not  available  in 
time  for  this  dissertation. 

3The  major  crop  types  in  the  hailpad  network  areas  were  barley,  oats 
and  rape. 
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location  on  his  farm.  It  could  also  be  an  average  estimate  for  all  of 
his  farm. 

Critical  value  of  impact  energy 

On  this  scatter  graph  there  appears  to  be  a  critical  value  of 
impact  energy  above  which  crop  damage  is  always  100  per  cent.  Thus, 
with  better  damage  assessment,  an  exponential  type  curve  could  probably 
be  drawn  to  approximate  the  energy-damage  relation,  stopping  abruptly 
at  the  100  per  cent  crop  damage  line.  This  critical  value  appears  to 

™  O 

lie  around  450  J  m  .  There  is  also  some  basis  for  setting  a  minimum 
value,  below  which  damage  is  negligible  (i.e.,  not  enough  damage  for 
one  to  be  able  to  measure) .  This  lies  near  50  J  m  2  so  that  in  view 
of  the  large  scatter,  a  straight-line  relation  is  a  reasonable  com¬ 
promise.  Better  relations  must  include  more  accurate  estimates  of  crop 
damage. 

It  is  interesting  to  note  that  50  J  m  2  could  result  from 
about  1800  shot  size  hailstones  hitting  a  hailpad,  covering  a  cross- 
sectional  area  on  the  ground  of  about  35  per  cent  of  the  pad  area,  or, 
by  about  10  grape  size  hailstones  which  will  cover  an  area  of  <5  per 
cent  of  the  area  of  a  hailpad.  Hence,  neither  will  do  much  damage  if 
they  fall  with  little  or  no  wind,  because  the  shot  sizes  are  too  small 
(D  <  .20  inch),  while  there  are  not  enough  of  the  grape  size  stones. 

Damage  and  ’total*  impact  energy 

The  only  extensive  wind  information  available  was  the  approx¬ 
imation  given  by  volunteers  on  the  hail  report  cards;  i.e.,  light 
(0-10  mph),  moderate  (10-25  mph) ,  strong  (25-40  mph) ,  and  severe  (>40 
mph).  Using  values  of  2.25,  7.85,  14.5,  and  20.1  m  s"1  respectively 
for  the  means  of  these  estimates,  'total'  values  of  impact  energy  were 
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computed  and  plotted  against  crop  damage  estimates.  Because  of  the 
uncertainties  of  the  wind  information,  scatter  was  not  significantly 
improved.  Also,  since  wind  estimates  were  available  for  only  about 
50  per  cent  of  the  hailpad  data,  total  energy  values  are  not  included 
in  the  data  summaries. 

Table  14  gives  suggested  critical  values  for  negligible 
damage  and  100  per  cent  damage  for  several  hail  parameters,  all  based 
on  the  scatter  graphs.  It  is  interesting  to  note  that  a  linear 
relation  between  total  impact  energy  and  per  cent  crop  damage  given 
by  Hagen  and  Butchbaker  (1967),  also  suggests  a  critical  value  for 
100  per  cent  damage  of  about  800  J  m  2. 


Table  14.  Suggested  critical  values  of  hail  parameters  for 
negligible  and  100  per  cent  crop  damage. 


Parameter 

Critical  Value 
for  Negligible 
Damage  (<  5%) 

Critical  Value 
for  100% 

Damage 

Hail  Hass  (kg  m"*2) 

0.5 

4.5 

Impact  Momentum  (kg  m  s-1  m-2) 

10 

60 

Impact  Energy  (J  m”2) 

50  * 

450 

TOTAL  Impact  Energy  (J  m-2) 

75 

800 

*  Significant  damage  (>  10  per  cent)  probably  starts  around  100  J  m  2. 


Although  it  has  been  shown  that  the  hailpad  is  sensitive  to 

r\ 

values  of  impact  energy  between  0.1  and  2000  J  m  ,  the  main  range  of 
1At  values  near  2000  J  m~2,  the  hailpad  begins  to  break  up. 
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interest,  insofar  as  most  crop  damage  is  concerned,  is  between  50  and 
450  J  m  2.  This  is  also  the  most  accurate  range  for  the  hailpad,  since 
it  lies  above  values  where  very  small  and  very  few  dents  might  be 

suspect,  and  below  values  where  multiple  dents  might  become  plentiful 
and  lead  to  underestimates. 

Distributions  of  energy  values  in  Illinois,  North  Dakota 
and  Central  Alberta 

In  Table  15  the  distribution  of  impact  energy  for  the  761  hail- 
pads  of  the  Alberta  network  is  compared  with  those  found  in  North 
Dakota  in  1966  (Hagen  and  Butchbaker,  1967),  and  in  Illinois  in  1971-72 


Table  15.  Comparison  of  hail  intensity  distributions  in  Central 
Alberta,  North  Dakota  (Hagen  and  Butchbaker,  1967), 


and  Illinois 

(  C  hangnon  and 

Towery,  1972). 

Range 
Impact  ] 
(J  m' 

of 

Energy 

"2) 

Number  of 
Hailpads 
in  Range 

Per  Cent  of 

Total  Number 

of  Hailpads 

Central  Alta, 
(a)  1973 

No.  Dakota 
(b)  1966 

Illinois 
(c)  1971-72 

0.1  - 

50 

514 

67.5 

- 

— 

50.1  - 

100 

105 

13.8 

— 

- 

100.1  - 

146 

46 

6.1 

- 

- 

0.1  - 

146 

665 

87.4 

83.0 

75.2 

146.1  - 

292 

41 

5.4 

8.7 

9.2 

292.1  - 

450 

15 

2.0 

3.7 

) 

>  11.3 

450.1  - 

1000 

33 

4.3 

4.0 

) 

> 

1000 

7 

0.9 

0.6 

4.3 

X 
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(Changnon  and  Towery,  1972)  .  The  unusual  energy  intervals  result  from 
the  conversion  of  units  from  ft  lb  ft 1  2  as  used  in  the  comparative 
studies. 

When  Tables  14  and  15  are  compared,  it  would  appear  that 
about  68  per  cent  of  the  hailfalls  recorded  in  Central  Alberta  caused 
negligible  damage  in  1973.  Eighty-one  per  cent  were  in  the  nil  to 
light  damage  class  (<  100  J  m  2),  while  27  per  cent  were  in  the  critical 
region  of  50-450  J  m  2  (a  relatively  small  range  of  values  where  a 
small  change  either  way  in  the  hailfall  pattern  means  the  difference  be¬ 
tween  nil  or  complete  damage) .  More  than  5  per  cent  of  the  hailfalls 
would  appear  to  be  100  per  cent  wipe-outs  (>  450  J  m""2)  . 

On  comparison  with  the  other  studies.  Central  Alberta  re¬ 
ceived  a  greater  percentage  of  light  hailfalls  with  87.4  per  cent  being 
<  146  J  m  2  (10  ft  lb  ft  2)  compared  with  83.0  per  cent  for  North 
Dakota,  and  75.2  per  cent  in  Illinois.  The  higher  percentage  in  Alberta 
may  be  a  real  climatological  difference,  or  it  may  mean  that  a  more 
sensitive  combination  of  styrofoam  and  aluminum  foil  was  used.  The 
minimum  value  in  Hagen  and  Butchbaker’s  data  was  5Jm2  (.34  ft  lb 
ft  2),  compared  with  0.1  J  m  2  for  both  Illinois  (Changnon,  1969)  and 
Alberta  data. 

Network  dimensions  for  the  three  networks  under  comparison, 
along  with  hailpad  returns  are  shown  in  Table  16.  This  table  gives  a 
rough  idea  of  hail  incidence  in  the  three  areas.  Central  Alberta 
yielded  a  return  of  2.4  hailpads  per  site  per  season  for  the  main 
networks,  compared  with  2.1  for  North  Dakota  and  2.0  for  Illinois. 

1Changnon’s  (1969)  and  Changnon  and  Towery' s  (1972)  published  values  of 

impact  energy  were  a  factor  of  102  too  low  (personal  communication) ,  and 
hence  have  been  corrected  by  this  factor. 
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Table  16.  Comparison  of  hailpad  networks  and  hail-dented  hailpad 


returns  in  Alberta 

(1973), 

North  Dakota 

(1966) ,  and 

Illinois  (1971-72) 

• 

Number 

Coverage 

Number  of 

Number 

of  Hailpad 

Area 

Hail-dented 

per  Site 

Network  Sites 

(mi2) 

Hailpads 

per  Season  Remarks 

Central  Alberta** 

272 

1620 

662 

2.4 

Main  Net¬ 
works  only 

North  Dakota 

155 

2400 

319 

2.1 

Area 

approx. 

Illinois* 

232 

800 

913 

2.0 

*  Includes  two  years  of  data  including  dense  networks. 

**  Data  for  two  months  only,  June  20  -  August  27. 


6. 3  Impact  Energy  Analysis  of  Hailswaths 

Armed  with  a  general  understanding  of  the  relation  between 
degree  of  crop  damage  and  hailfall  intensity,  individual  hailswaths  can 
now  be  discussed  in  more  detail. 

Preparation  of  maps 

Values  of  impact  energy  were  plotted  on  network  maps  for 
each  hail  day,  and  isopleths  were  drawn  for  0,  25,  50,  100,  200,  400, 
and  800  J  m“2.  For  energies  >  800  J  m"2,  gradients  were  found  to  be  too 
high  for  resolution  with  the  station  spacing  of  2.4  to  2.8  miles.  Con¬ 
tour  smoothing  was  minimal,  and  never  at  the  expense  of  violating  a 

station  value  of  impact  energy. 
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The  zero  (  hail  or  no  hail’)  contour  was  always  well-def ined 
by  the  many  hailpad  returns  having  nothing  more  than  rain  dents.  Two 
other  important  contours  are  100  J  m  considered  to  usually  delineate 
where  significant  crop  losses  start,  and  the  400  J  m  contour  (close 
enough  to  the  suggested  critical  value  of  450) ,  which  should  enclose 
areas  of  almost  complete  crop  losses.  Regions  enclosed  by  this  contour 
are  shaded  for  emphasis  on  all  main  network  maps. 

The  hailstorms  of  August  16  and  August  23/24  will  be  dis¬ 
cussed  in  some  detail,  as  more  data,  including  that  of  the  dense  net¬ 
works,  were  available  for  these.  Impact  energy  maps  for  the  other  14 
hail  days  of  this  study  appear  in  chronological  order  with  brief 
descriptive  notes  in  Appendix  IV. 

August  16 

The  meteorological  conditions  for  this  storm  were  typical 
of  severe  Alberta  hailstorms;  i.e.,  an  unstable  temperature  lapse  rate, 
a  southwesterly  flow  at  500  mb  with  slight  cooling,  a  light  southeasterly 
flow  at  low  levels,  strong  surface  heating,  low-level  moisture  remain¬ 
ing  from  morning  stratus,  and  to  trigger  the  instability,  a  frontal 
wave  and  cold  front  which  intensified  over  southeastern  British  Columbia 
during  the  morning.  The  wave  and  cold  front  are  clearly  evident  in  the 
cloud-cover  satellite  photo  of  Figure  21. 

This  system  spawned  two  major  groups  of  thunderstorm  cells 
southwest  of  Rocky  Mountain  House,  which  subsequently  tracked  north¬ 
eastward  as  depicted  in  the  hailswath  map  of  Figure  19.  Two  resulting 
hailswaths  gave  the  pattern  of  impact  energy  shown  in  Figure  22.  Hail 
began  falling  during  the  early  evening  of  the  16th,  and  continued  until 
after  midnight,  lasting  more  than  20  minutes  at  some  locations. 


' 


5 


100 


Figure  21.  Satellite  cloud  photo  of  1927  GMT,  August  16,  1973 

showing  a  strong  baroclinic  zone  with  a  wave  in  British 
Columbia,  about  5-6  hours  before  the  first  reported 
hail  occurred  in  Central  Alberta.  Photo,  courtesy  of 
University  of  Alberta  Meteorology  Division.  Computer 
program  for  latitude  and  longitude  gridding  by  Dennis 
Oracheski . 
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The  first  of  these  hailstorms  all  but  missed  the  Northern 
hailpad  Network,  but  the  second,  following  a  path  about  10  miles 
further  southeast,  was  well-documented  by  hailpads,  and  the  center  of 
it  passed  directly  over  Dense  Network  fXf  DNX.  From  the  relation  of 
impact  energy  and  crop  damage,  it  would  appear  that  the  second  storm 
alone,  which  was  the  smaller  of  the  two,  could  have  caused  100  per 
cent  crop  damage  to  at  least  40  square  miles  in  the  main  network. 

Because  the  800  J  m  2  contour  encloses  DNX,  it  appears  as  if  all  the 
energy  values  of  this  land  section  are  >  800  J  m  2.  The  gradient  of 
energy,  however,  is  too  great  to  put  confidence  in  this  inference. 

Dense  network  ’X',  August  16 

The  fine-scale  features  of  DNX  appear  in  Figure  23,  portray¬ 
ing  both  values  (upper  right  of  site  symbol)  and  contours  of  impact 
energy,  and  also  the  number  of  golfball  and  larger  size  hailstones  per 
hailpad  (in  parentheses  below  the  symbol) .  The  most  noticeable 
aspect  of  this  map  is  the  wide  variation  in  impact  energy,  from  441  to 
1956  J  m""2,  with  12  of  the  values  less  than  800  J  m  2.  The  mean  and 
standard  deviation  of  all  27  values  are  879  and  401  J  m  respectively. 

A  transparent  overlay  of  the  topographical  features  for  Figure  23  is 
contained  in  a  pocket  on  the  inside  back  cover.  This  overlay  also  shows 

site  numbers. 

The  energy  value  at  Site  Xl  (hailpad  #2525)  on  August  16  was 
the  highest  recorded  value  of  all  1973  data,  making  it  worthy  of 
special  mention,  although  information  from  it  contains  more  uncertainty 
than  other  values  as  this  hailpad  had  been  shattered  and  the  foil  torn 
to  shreds.  It  was  pieced  together  like  a  jigsaw  puzzle,  and  dents  were 
measured  on  the  styrofoam  surface,  a  task  requiring  more  than  8  hours 
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Figure  23.  Pattern  of  impact  energy  for  'all  hail  sizes'  over  the 
northern  dense  network,  DNX,  on  August  16,  1973. 
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of  continuous  work.  Because  dent  diameters  <  .30  inch  (all  shot  and 
pea  sizes)  do  not  all  show  up  on  the  styrofoam,  these  were  averaged 
from  the  four  surrounding  hailpads,  H77,  X2,  X9,  and  X10.  This  is  not 
considered  serious  since  the  relative  contribution  of  these  was  only 
6.5  per  cent  of  the  total  impact  energy  on  XI.  The  effect  of  taking 
measurements  from  the  styrofoam  rather  than  the  foil,  probably  is  a 
slight  underestimate  of  impact  energy,  and  if  this  is  done  often  enough, 
the  hailpad  should  be  calibrated  accordingly. 

Small  pieces  of  several  other  hailpads  were  also  broken  off 
during  this  storm,  but  all  were  accounted  for.  Several  others  had 
holes  completely  through  the  styrofoam,  but  such  occurrences  were  rare 
and  only  happened  with  hailstone  diameters  >  4  cm. 

Because  of  some  mutilated  pads  such  as  these,  great  care  had 
to  be  taken  in  analyzing  the  August  16th  hailpads.  A  further  problem 
resulted  because  many  hailstones  impacted  at  40  to  60  degrees  from  the 
vertical  in  winds  >  40  mph  (indicated  at  meso-meteorological  Site  G73, 
at  several  climatological  stations,  and  by  the  hail  report  cards).  Thus, 
all  of  the  dense  network  pads  were  analyzed  by  the  author,  randomly  and 
at  different  times  to  avoid  bias.  All  of  the  main  network  hailpads  of 
this  storm  were  also  analyzed  by,  or  carefully  checked  by  the  author. 

The  original  intention  for  the  dense  networks  was  to  test 
the  representativeness  of  a  hailpad  for  a  large  area  (1  ft^  per  6  mi  ). 

In  view  of  this,  it  is  reasonable  to  ask  whether  the  pattern  of  Figure 
22  is  due  to  large  hailstones  randomly  hitting  some  hailpads  but  not 
others.  This  would  put  the  representativeness  and  therefore  usefulness 
of  the  hailpad  in  doubt.  Indeed,  the  pattern  of  golfball  and  larger 
hailstones  whose  contribution  to  total  impact  energy  ranges  as  high  as 
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49  per  cent  (Sites  XI  and  H77)  appears  to  suggest  just  this. 

This  problem  was  investigated  further  by  examining  the  energy 
pattern  of  various  ranges  of  the  hailstone  size  spectrum.  Figure  24 
displays  the  energy  pattern  over  DNX,  but  excludes  golfball  and  larger 
sizes,  while  Figure  25  is  the  pattern  without  any  walnut  or  larger  size 
hailstones.  Patterns  of  both  impact  energy  and  hail  mass  over  DNX  on 
August  16  were  inspected  for  all  size  ranges,  including  shot  and  pea 
sizes  alone,  grape  size,  and  so  on.  Throughout  this  size  spectrum,  the 
hailf all  patterns  were  basically  the  same  as  in  Figures  23-25,  with  a 
section  centre  minimum,  and  maxima  near  the  southeast,  southwest,  and 
northwest  corners  of  the  section. 

Having  discounted  one  possible  cause  for  the  fine-scale 
pattern,  the  next  step  might  be  to  suspect  an  exposure  problem,  espe¬ 
cially  since  the  hail  fell  at  40-60  degree  angles  from  the  vertical.  A 
quick  look  at  the  topographical  features  of  DNX  (overlay,  back  cover 
pocket),  quickly  discourages  this  notion  also,  since  the  large  region 
of  minimum  energy,  for  example,  occurs  in  an  open  field.  In  fact, 
were  exposure  a  problem  at  all,  then  some  high  values  such  as  at 
Sites  G73  and  X20,  might  even  be  suspected  of  being  slightly  low  because 
of  lines  of  trees  just  to  the  west.  It  is  reasonably  certain  then, 
that  this  pattern  is  a  result  of  fine-scale  features  of  the  hailfall. 

Concerning  hailpad  representativeness,  we  note  that  individ¬ 
ual  values  of  energy  on  this  one  square  mile,  varied  by  more  than  a 
factor  of  2  from  the  mean.  Thus,  even  with  one  mile  spacing,  errors 
of  more  than  200  per  cent  are  possible. 
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August  23  and  24,  Southern  Network 

The  August  23rd  hailstorm  was  an  exception  for  the  summer 
in  that  it  was  the  only  one  not  following  the  usual  west  to  east  track 
of  most  Alberta  hailstorms.  Instead,  developing  northwest  of  Calgary 
during  mid-afternoon  (Figure  19),  it  moved  north-northwest  across 
parts  of  both  hailpad  networks. 

Over  the  Southern  Network  (Figure  26),  hail  was  confined 
mainly  to  the  western  edge,  except  for  a  minor  swath  in  the  eastern 
portion"*",  while  damaging  hail  occurred  on  the  northwest  corner  of  the 
network,  and  likely  west  of  there,  between  1700  and  1800  MDT. 

Two  smaller  hailswaths  resulted  from  basically  the  same 
synoptic  system  some  10-15  hours  later  on  the  24th,  as  shown  in  Figure 
27.  The  most  southerly  of  these  two  storms  occurred  between  0400  and 
0600  MDT,  but  ended  halfway  into  the  network.  The  second,  occurring 
between  0700  and  0900  MDT,  moved  east-northeast,  barely  skirting  DNZ 
and  DNW  by  only  1/2  to  1  mile,  these  already  having  recorded  hail  on 
the  previous  evening.  These  hailpads,  serviced  by  the  author,  were  not 
removed  until  two  days  later.  However,  due  to  the  timely  changes  of  the 
main  network  hailpads  between  the  two  storms  by  the  volunteer  opera¬ 
tors,  an  analysis  problem  was  avoided  since  it  was  then  known  that 
the  dense  network  hailpads  had  not  recorded  two  storms.  For  the  main 
networks,  since  volunteers  had  been  told  early  in  the  summer  that  hail¬ 
pad  operations  would  cease  on  August  20th,  half  a  dozen  or  so  hailpads 
were  left  unchanged  between  the  storms  of  August  23rd  and  24th.  Missing 

■*"The  minor  hailfall  occurred  at  about  the  same  time  as  that  in  the 
western  part  of  the  network,  at  about  1800  MDT. 
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Figure  26.  Pattern  of  impact  energy  (J  m  2)  over  the  Southern 
Network,  August  23,  1973. 
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and  confused  data  did  therefore  create  some  problems  for  these  two 
main  network  analyses. 

Southern  dense  networks,  August  23 

The  impact  energy  patterns  across  the  dense  networks  DNK, 

DNY,  DNZ,  and  DNW  in  Figure  28,  do  not  appear  to  have  the  isolated 
regions  of  maximum  and  minimum  energy  that  were  observed  over  DNX 
on  August  16th.  In  this  case,  the  maximum  of  the  large-scale  map 
(Figure  26)  is  well  northwest  of  the  dense  networks,  and  the  dense 
networks  exhibit  instead  a  gradient  of  energy  increasing  from  south¬ 
east  to  northwest.  Some  pads  in  these  networks  were  destroyed  by  graz¬ 
ing  animals.  A  minor  exposure  problem  befell  the  three  most  south¬ 
easterly  hailpads  of  DNY,  which  were  sheltered  by  trees  in  a  south- 
southeast  wind  of  about  10  mph.  Hence,  the  trough  of  relatively  low 
values  in  the  centre  of  Figure  28  is  probably  over-pronounced,  though 
the  trough  does  exist,  even  on  the  large-scale  pattern. 

August  23,  Northern  Network 

As  the  August  23rd  storm  approached  Rocky  Mountain  House 
(Figure  19)  it  may  have  split,  as  one  cell  or  group  of  cells  is  known 
to  have  tracked  northwest  from  there,  while  the  pattern  of  impact 
energy,  Figure  29,  shows  a  ridging  of  contours  towards  the  northeast, 
and  suggests  a  second  ridging  out  of  this  one  towards  the  north  or 
northwest.  Note  that  an  energy  maximum  is  centered  just  southwest  of 


DNX  once  more. 
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Dense  Network  TXT,  August  23 

With  this  maximum  of  the  main  network  pattern  occurring  near 
DNX  much  as  it  did  a  week  earlier,  the  pattern  of  Figure  30  is  similar 
to  that  of  Figure  23.  The  August  23rd  map  suggests  that  the  main  energy 
peak  (apparently  more  than  200  J  m  2)  occurred  southwest  of  the  dense 
network.  But  in  addition,  a  secondary  peak  (>  175  J  m  2)  appears  in 
the  centre  of  the  land  section.  Note  that  with  the  same  (hailpad- 
inf erred)  wind  directions  (west  to  west-northwest,  though  not  nearly  so 
strong),  the  energy  pattern  is  the  reverse  of  the  previous  week;  i.e.,  a 
maximum  on  the  23rd  where  there  was  a  minimum  on  the  16th.  This  indicates 
once  again  that  poor  hailpad  exposure  is  not  a  significant  factor  in 
these  patterns.  It  is  also  noteworthy  that  on  August  23rd,  energy  values 
differed  by  almost  two  orders  of  magnitude  across  about  one  mile,  from 
4  to  194  J  m  2  (Sites  X22  and  X5). 

6 . 4  Other  Hailpad  Results  of  this  Study 

Hailswath  dimensions  and  network  design 

Dimensions  of  hailfall  coverage  were  examined  primarily  to 
help  solve  problems  of  future  network  design.  The  1973  networks  were 
too  small  to  yield  any  adequate  data  on  hailswath  length,  but  the 
width  of  many  swaths  could  be  measured.  The  distances  between  energy 
maxima  were  also  measured,  and  mean  distances  were  obtained  for  each  map. 

Table  17  presents  a  summary  of  this  study. 

An  average  spacing  between  maxima  of  12.4  miles  implies  that 

station  spacing  should  be  no  more  than  half  that  distance,  or  6  miles, 
in  order  to  resolve  the  general  hailfall  pattern.  This  wou_i.d  detect  the 
area  of  coverage  of  most  Alberta  hailswaths,  which  were  from  5  to  20 
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Figure  30. 


Pattern  of  impact  energy  (J  m  2)  over  the  northern  dense 
network,  DNX,  on  August  23,  1973. 
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Table  17.  Dimensions  of  1973  hailpad  network  hailswaths.  Average 
dimensions  were  taken  for  each  map,  then  extremes  and 
means  for  the  season  were  calculated  from  these  averages. 


Maximum  width 
Width  inside  100  J  m“ 
(miles)  Contour  (mi) 

Maximum  width 

2  inside  400  J  m-2 
Contour  (mi) 

Average  Distance 
Between 

Maxima  (mi) 

Minimum 

5.0 

0.0 

0.0 

10 

Maximum 

20 

9.0* 

4.5 

15 

(Aug.  16) 

(Aug.  16) 

(Aug.  16) 

Mean 

10.0 

3.3 

2.0 

12.4 

(when  100 

(when  400 

J  m“2  occurs) 

J  m-2  occurs) 

*  Width 

across  two 

swaths  which  could  not  be  easily 

separated. 

miles  wide  in  this  study.  But,  since  damaging  hail  usually  occurs 
within  a  path  about  3  miles  wide  (as  suggested  by  Table  18)  ,  then 
spacings  <  3  miles  are  required  in  order  to  sample  damaging  hail. 
Moreover,  the  dense  network  data  shows  that  a  spacing  of  about  1/4 
mile  is  required  to  distinguish  the  fine-scale  pattern. 

The  mean  width  for  damaging  hail  (>  100  J  m  2)  of  3  miles, 
incidentally,  concurs  with  the  2-5  miles  given  by  Summers  and  Wojtiw 
(1971).  Finally,  the  fact  that  the  average  distance  between  hailfall 
maxima  along  a  swath  varied  from  only  10  to  15  miles  for  all  hail¬ 
swaths  may  be  significant,  for  if  such  figures  could  be  verified  with 
more  data,  then  it  would  suggest  limits  on  the  speed  and  lifetime  of 


damaging  hail  cells. 
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The  effect  of  increasing  station  spacing 
In  the  Northern  Network,  120  hailpad  sites  (excluding  the 
dense  network)  gave  a  mean  spacing  of  2.8  miles.  The  effect  of  de¬ 
creasing  station  density  was  tested  on  the  August  16th  storm.  Deleting 
every  second  hailpad  site,  impact  energy  maps  were  drawn  for  60  hail- 
pads  (a  mean  spacing  of  4.0  miles),  then  for  30  hailpads  (a  mean  spacing 
of  5.7  miles),  and  finally,  with  only  15  hailpads  (a  mean  spacing  of 
8.0  miles),  the  latter  of  which  is  shown  in  Figure  31. 

The  main  pattern  was  still  evident  with  4.0-mile  spacing. 

With  5.7-mile  spacing,  a  rough  general  pattern  still  survived,  but  with 
only  the  maxima  southwest  of  Rimbey  and  north  of  Rocky  Mountain  House 
showing  up  (Figure  22).  Other  details  were  lost.  With  8.0-mile 
spacing,  the  pattern  was  completely  distorted,  as  Figure  31  shows. 


—  2 

Figure  31.  Distorted  pattern  of  impact  energy  (J  m  )  over  the  North¬ 
ern  Network  on  August  16,  1973,  analyzed  using  only  15 
hailpads,  giving  an  average  station  spacing  of  8  miles. 
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There  is  another  undesirable  effect  of  changing  the  station 
density  or  of  comparing  data  from  networks  of  different  densities. 

Table  18  illustrates  the  effect.  Here,  the  mean  of  79  values  of 
impact  energy  from  the  August  23rd  storm  was  taken.  Means  and  standard 
deviations  both  decreased  when  the  number  of  stations  was  reduced  at 
random  to  1/2  of  the  original  number  and  again  when  reduced  to  1/3  the 
original  number. 

Table  18.  The  effect  on  impact  energy  of  changing  station  density; 

an  example  using  data  from  the  hailstorm  of  August  23, 
Southern  Network. 


Number 
of  Hailpads 

Mean  Impact  Energy 
(J  m~*2) 

Standard 

Deviation  (J  m*"2) 

79 

35.2 

95.3 

40 

25.4 

29.8 

26 

24.3 

27.0 

Causes  of  observed  hailfall  patterns 

Two  scales  of  impact  energy  variation  have  been  noted  in 
these  results.  On  the  large-scale  pattern  there  is  a  distance  of  10-15 
miles  between  energy  maxima  along  a  swath;  on  the  fine-scale  pattern, 
this  distance  is  1/2—1  mile,  though  the  latter  is  apparent  (in  this 
study)  only  in  the  vicinity  of  the  large-scale  maxima. 

The  now-familiar  theory  of  the  formation  of  new  convective 
cells  on  the  right  flank  of  an  existing  thunderstorm1,  is  a  plausible 


Newton  and  Katz  (1958),  Browning  (1964) ,  Renick  (1971)  ,  or  Cnisholm 
and  English  (1973). 
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explanation  for  the  large-scale  pattern.  For,  given  an  average  life¬ 
time  for  an  average  size  thunderstorm  cell  of  30  minutes,  and  typical 
speeds  for  such  systems  of  20-30  mph,  then  one  should  expect  an  average 
distance  between  hailfall  maxima  of  10-15  miles  as  noted  above.  A  good 
example  of  this  is  provided  by  Figure  22  for  August  16th.  One  cell, 
indicated  by  the  energy  maximum  east-northeast  of  Rocky  Mountain  House, 
appears  to  taper  off  to  the  east.  Then  a  new  cell  probably  builds  up, 
continues  northeastward,  and  results  in  the  next  maximum  near  Dense 
Network  'X'. 

The  fine-scale  maxima  are  not  as  easily  explained,  but  are 
probably  the  result  of  the  very  turbulent  nature  of  such  storms.  Also, 
secondary  maxima  of  radar  reflectivity,  called  segments,  have  been 
observed  within  single  cells  (Barge,  1974,  personal  communication),  and 
these  may  be  related  to  the  fine-scale  maxima  noted  here;  in  other 
words,  several  concentrations  of  hail  occur  within  a  cell.  Morgan  and 
Towery  (1974)  observed  the  same  type  of  maxima  occurring  within  a 
similar  dense  hailpad  network  operated  by  the  Illinois  State  Water 
Survey  in  Nebraska  in  1973,  and  G.G.  Goyer  (personal  communication, 
1974)  has  referred  to  these  as  ’hail-cores’.  Changnon  and  Barron 
(1971)  noted  semi-circular  areas  of  crop  loss  ranging  from  100-500  feet 
in  diameter,  which  are  undoubtedly  due  to  this  scale  of  hailfall. 

There  would  also  appear  to  be  a  connection  with  the  frequent  reports, 
at  least  in  Alberta,  of  more  than  one  ’burst  of  hail.  These  lead 
to  the  ’point  hailfalls’  described  by  Pell  (1971). 

The  important  observation  is  that  there  are  at  least  two 
scales  of  hailfall,  and  one  should  be  careful  not  to  confuse  them. 
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Sampling  errors  and  hailfall  rate 

The  dense  networks  have  shown  that  the  hailpad  can  record  a 
hailfall  sample  which  is  representative  enough  to  describe  patterns 
across  hundreds  of  feet,  probably  the  finest  scale  of  variation  of 
importance.  The  problem  of  whether  a  hailpad  records  4,  5,  or  6  hail¬ 
stones  of  one  size  on  a  hailpad,  when,  say,  an  average  of  5  ft  ^  are 
falling,  is  almost  irrelevant  when  so  many  others,  both  smaller  and 
larger,  are  also  being  recorded. 

Nevertheless,  during  a  mobile  hailpad  operation  and  also  at 
the  Edmonton  hailpad  site,  several  tests  were  performed  using  two  or 
more  hailpads  <  20  feet  apart.  Of  course,  a  hailpad  could  have 

been  halved  or  quartered  and  results  on  each  section  compared,  but 
other  studies  (e.g.,  Changnon,  1969)  suggest  that  1  ft2  is  a  minimum 
size  for  adequate  sampling.  A  few  measurements  of  hailfall  rate  were 
also  taken  during  these  tests. 

During  the  August  23rd  storm,  pairs  of  hailpads  were  set  out 
on  opposite  sides  of  a  road  (about  18  feet  apart)  at  two  locations  1/4 
mile  apart,  prior  to  the  hailfall.  At  a  third  location,  1/4  mile  still 
further  on,  three  other  pads  were  set  out  next  to  each  other,  one  prior 
to  the  hailfall,  the  second  two  minutes  after  the  start,  and  the  third 
four  minutes  after  the  start.  The  duration  of  the  hailj-all  was  13.5 

minutes.  Table  19  shows  some  of  the  results. 

The  difference  between  hailpads  in  Set  //I  (about  6  per  cent  in 

impact  energy),  and  between  hailpads  in  Set  //2  (about  0.1  per  cent  in 
impact  energy)  are  due  to  a  combination  of  real  hailfall  differences, 
sampling  error,  and  estimation  error.  Maximum  gradients  of  impact  energy 
measured  over  the  dense  networks,  suggest  that  energy  differences  across 


. 
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Table  19.  Mobile  experiment,  August  23,  at  land  location  NE  13/T35/ 

R4/W5.  Hailpad  Set  #1  18  feet  apart,  Set  #2  18  feet  apart, 
and  1/4  mile  south  of  Set  #1.  Set  #3  side  by  side  and  1/2 
mile  south  of  Set  #1.  Hailfall  duration,  13.5  minutes. 


No . 

Hailstones  (ft  2) 

Maximum 

Mass 

Impact 
Energy 
(J  nf2) 

Hailpad  Set 

SHOT 

PEA  GRAPE  TOTALS 

Diam. (cm) 

(g  m""2) 

#1, 

T  =  0  min. 
o 

385 

230 

6 

621 

1.6 

927 

72.2 

265 

221 

8 

494 

1.5 

848 

67.9 

#2, 

T  =0  min. 
o 

255 

253 

6 

514 

1.5 

822 

62.9 

250 

216 

5 

471 

1.6 

797 

63.0* 

#3, 

T  =  0  min. 
o 

260 

234 

9 

503 

1.6 

952 

80.4 

T  =  T  +2 
o 

260 

258 

6 

524 

1.5 

936 

74.2 

T  =  T  +4 

200 

196 

8 

404 

1.5 

746 

61.5 

o 


*  On  this  hailpad,  the  average  stone  size  within  each  category  was 
somewhat  bigger,  so  that  it  had  a  slightly  larger  energy  than  its 
neighbour . 


18  feet  should  usually  be  less  than  3  per  cent.  Hence,  most  of  the  6  per 
cent  difference  can  be  attributed  to  sampling  and  estimation  error. 

The  timed  hailfall  on  Set  #3  suggests  that  the  hail  commenced 
with  mainly  small  stones,  with  most  of  the  mass  (about  80  per  cent) 
after  the  first  four  minutes.  Only  about  2  per  cent  of  the  hail  mass 

fell  in  the  first  two  minutes. 

Most  other  mobile  operations  were  not  so  successful  in 
finding  hail,  except  on  July  23rd  when  several  timed  hailpad  exposures 
gave  hail  energy  flux  rates  as  high  as  1000  J  m  2  min  1 ,  but  only  for 


a  minute  or  so. 


/X 
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Edmonton  does  not  lie  within  the  main  hail  belts  of  Alberta, 
and  only  two  light  hailfalls  were  recorded  at  the  Edmonton  site  in 
1973.  Two  hailpads,  about  20  feet  apart,  recorded  hail  on  August  4th. 
The  first  pad,  to  test  its  weathering  durability,  had  been  exposed  for 
over  two  months,  and  recorded  16.0  J  m  2  on  this  date,  no  other  hail 
having  occurred.  The  second,  exposed  only  a  few  days,  recorded  the 
same  hailfall  as  16.7  J  m  2 .  No  significant  difference  is  evident  to 
suggest  major  hailpad  weathering  effects,  spatial  differences  across 
20  feet,  or  errors  due  to  sampling  or  measurement. 

Three  hailpads  were  used  to  measure  hailfall  rate  again  on 
September  11th  at  Edmonton.  The  hail  lasted  10  minutes.  Results  are 
displayed  in  Table  20.  Here  we  see  that  about  75  per  cent  of  the  total 
hail  mass  fell  in  the  first  2  minutes,  compared  with  only  2  per  cent  in 
the  first  2  minutes  of  the  August  23rd  test  (Table  19) .  Less  than  1 
per  cent  of  the  mass  fell  in  the  final  half  of  the  hail  period.  In 
the  first  2  minutes  the  flux  of  impact  energy  was  32  J  m  2  min  1 , 
compared  to  only  3  J  m""2  min  1  during  the  first  2  minutes  of  the  August 
23rd  test.  Although  duration  and  total  impact  energy  were  of  the 
same  magnitude  in  both  tests,  the  order  of  hailfall  events  was  complete¬ 
ly  different.  It  would  seem  that  few  generalizations  can  be  made  about 


hailfall  rates. 
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Table  20.  Hail  from  a  10  minute  hailfall  in  Edmonton,  September 
11,  1973. 


Hailpad 

Time  Out 

No.  hailstones 

(ft-2) 

Hail  Mass 

Impact  Energy 

Number 

(To 

=  0  min . ) 

SHOT 

PEA 

TOTAL 

(g  m“2) 

(J  m~2) 

2596 

T 

o 

865 

512 

1377 

1401 

83.6 

2744 

T 

o 

+  2  min. 

275 

86 

361 

338 

20.2 

2745 

T 

+  5  min. 

16 

0 

16 

10 

0.4 

o 

Wind  estimates 

Wind  speeds  were  extracted  from  hailpad  data  alone,  according 
to  the  procedure  described  in  Section  5.4.  Table  21  shows  the  mean 
winds ,  as  well  as  both  vertical  and  horizontal  partitions  of  impact 
energy  for  the  27  hailpad  sites  of  DNX  on  August  16  and  23.  Com¬ 
parisons  with  the  mean  anemometer  wind  (at  Site  G73)  and  local  estimates 
are  shown.  The  comparisons  indicate  that  the  hailpad  method  of 
obtaining  wind  speeds  and  directions  is  at  least  worthwhile,  in  the 
absence  of  more  reliable  data. 

Winds  at  the  individual  hailpad  sites  of  DNX  for  August  16th 
are  plotted  on  Figure  32.  The  isotachs  have  been  analyzed  and  the 
maximum  wind  cores  are  shown  as  broad  arrows.  Adjacent  to  this  is 
Figure  33,  showing  the  total  impact  energy,  =  Ej.  +  EH>  as  derived 

from  these  hailpad-inf erred  winds.  Two  or  three  main  bands  of  strong¬ 
est  winds  are  evident,  perhaps  tracing  the  path  along  which  maximum 
downdrafts  occurred.  These  wind  cores  and  the  'total'  energy  pattern 
concur,  while  the  latter  pattern  is  also  basically  unchanged  from  that 
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Table  21.  Mean  winds  and  extremes  extracted  from  hailpads, 

comparison  with  anemometer  wind  and  farmer-volunteered 
estimates,  and  the  partitions  of  mean  impact  energy, 
for  Dense  Network  ’X1  on  August  16  and  23,  1973. 


Range  of 

Mean 

Mean  1-hr 

Farmer 

Mean 

Partitions  of 

Impact 

Hailpad 

Anemometer 

Estim- 

Impact 

Energy  (J  m~2) 

Angle 

Wind  & 

Wind 

ates 

Verti- 

Horiz- 

Date 

(°) 

R.ange  (mph)  (mph) 

(mph) 

cal 

ontal  Total 

Aug.  16 

40-61 

W  at  53 

W  at  40* 

>40 

879 

1134  2013 

(33-77) 

Aug.  23 

24-55 

WNW  at  22 

(**)  at  18 

10-25 

88 

8  96 

(10-33) 

*  The  one-hcur  average  was  extracted  from  the  anemograph  by  a  tech¬ 
nician  and  the  actual  record  subsequently  destroyed;  hence,  gusts  during 
the  hour  are  unknown.  Hailpad  values  at  the  anemometer  site  and  at 
nearby  Site  X20  were  37  and  47  mph,  respectively. 

**  Wind  direction  recorder  inoperative  at  this  time. 


of  the  vertical  partition  alone  (Figure  23) . 

With  finer  detail  on  wind  structure  (perhaps  by  using  the 
hailcubes  of  Morgan  and  Towery,  1974),  the  influence  of  large  stands 
of  trees  and  other  obstacles  would  likely  become  more  evident. 
Although  the  wind  estimates  have  an  uncertainty  of  about  10  mph, 
errors  will  be  almost  the  same  for  all  hailpads  for  a  given  hailfall 
over  this  small  an  area;  i.e.,  there  would  be  little  error  in  the 
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pattern  of  winds.  It  is  interesting  that  the  hailpad  wind  estimate  at 
the  anemometer  site  was  37  mph,  while  the  next  closest  hailpad,  at 
Site  X20,  gave  47  mph,  both  close  to  the  1-hour  anemometer  average 
value  of  40  mph. 

The  case  of  August  16th  demonstrates  how  important  a  role 
wind  can  play  in  crop  damage,  for  total  energies  were  three  times  the 
vertical  partition  of  energy.  Fortunately,  the  patterns  of  wind  speed 
and  total  energy  were  quite  similar,  and  this  is  believed  to  be  the 
rule.  This  fact  is  perhaps  not  surprising  if  one  assumes  that  the 
largest  concentrations  of  hail  probably  are  associated  with  the  greatest 
downdrafts,  and  therefore  the  strongest  horizontal  outflow,  or  winds. 

In  attempting  to  form  a  relation  between  crop  damage  and 
hailfall  parameters,  one  must  now  realize  that  allowances  must  also 
be  made  for  angles  of  impact.  Surely,  a  standing  crop  must  be  more 
susceptible  to  damage  from  hailstones  impacting  at  40  to  60  degrees 
(as  on  August  16th)  than  it  is  for  vertically-falling  hailstones. 

Thus,  one  more  parameter  is  added  to  the  growing  list  of  crop  damage 
variables^ . 

Hailstone  size  distributions 

Few  objective  measurements  of  hail  size  distributions  have 
been  made.  Table  22  gives  the  total  and  average  number  of  hailstones 
per  pad  for  each  of  the  six  Alberta  size  categories,  and  their  relative 
frequencies,  for  the  761  hailpads  of  1973.  The  per  cent  contribution 
of  each  size  category  to  impact  energies  is  derived,  using  Equation  10 

■^Crop  damage  indirectly  related  to  hail  could  also  be  caused  by  winds 
alone,  rain-water  run-off,  or  freezing  due  to  hail  on  the  ground;  three 
additional  variables. 
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Table  22.  Hail  size  distributions  and  the  mean  per  cent 

contribution  to  impact  energy  for  all  hailstones 
measured  on  761  hailpads  in  1973. 


SHOT 

PEA 

GRAPE 

WALNUT 

GOLF 

>G0LF 

TOTALS 

Totals 

324,146 

155,204 

4,888 

654 

73 

1 

484,966 

Average  per 

Hailpad 

425 

203 

6 

1 

<1 

«1 

634 

%  Frequency 

66.8 

32.0 

1.0 

0.1 

.015 

.0002 

100 

Average  Energy 
per  pad  (J  m-2) 

11.9 

38.7 

19.5 

13.2 

11.4 

0.5 

95.2 

%  Contribution 
to  Imp.  Energy 

12.4 

40.7 

20.5 

13.9 

12.0 

0.5 

100% 

and  assuming  mean 

diameters  of  .495 

,  .  8 , 

1.6,  2.4 

,  4.0, 

and  5 . 2 

cm  for 

shot,  pea,  grape,  walnut,  golfball,  and  greater  than  golfball,  respect¬ 
ively.  The  value  of  .495  is  the  only  size  within  the  shot  size  category 
detected  by  the  hailpad  (dents  <  .05  inch),  while  only  one  hailstone 
greater  than  golfball  size  was  recorded  (5.2  cm).  On  the  average,  we 
see  that  almost  75  per  cent  of  the  impact  energy  is  due  to  grape  size 

or  smaller  hailstones. 

A  more  easily  obtainable  distribution  from  volunteer  reports 
in  Alberta  is  that  of  'maximum'  hailstone  sizes.  Figure  34  shows  the 
distribution  of  maximum  hail  sizes  as  recorded  by  the  761  hailpads. 
Table  23  summarizes  this  by  size  category,  and  compares  the  per  cent 
frequencies  with  those  obtained  by  Paul  (1967)  using  the  ALMS  hail 

report  card  data  of  1957-66. 
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Maximum  hail  size  distribution  for  the  761  hailpads 
of  1973,  and  comparison  with  information  from 
volunteer  hail  report  cards  of  1957-66  (Paul,  1967). 


SHOT 

PEA 

GRAPE 

WALNUT 

GOLFBALL 

>G0LF 

TOTALS 

No.  hailpads 

34 

504 

158 

38 

26 

1 

761 

HAILPAD 
%  Frequency 

4.5 

66.2 

20.8 

5.0 

3.4 

0.1 

100% 

HAIL  CARD 
%  Frequency 

9.4 

38.7 

33.7 

12.2 

4.7 

1.3 

100% 

Though  the  hailpad,  in  general,  does  not  sample  the  actual 
maximum  size,  it  will  not  usually  be  far  off.  Thus,  the  earlier  state¬ 
ment  that  volunteer  reports  tend  to  overestimate  maximum  hail  sizes 
from  large  storms,  and  underestimate  maximum  hail  size  from  smaller 
storms,  is  suggested  here,  for  the  hail  card  data  shows  higher  fre¬ 
quencies  of  maximum  sizes  for  both  the  smallest  (shot)  and  largest 
(>  golf ball)  storms.  It  is  suggested  that  since  most  of  the  (small) 
hail  from  small  hailfalls  melts  almost  immediately  upon  impact,  it 
would  be  natural  for  an  observer  to  often  assume  shot  to  be  the  largest 
size,  although  pea  might  have  fallen  also.  On  the  other  hand,  when 
crop  losses  are  suffered  because  of  large  hail,  there  is  a  natural 
tendency  to  subconsciously  overestimate  the  maximum  size,  although 
not  really  by  much,  as  Table  23  shows.  Similar  conclusions  about 
volunteer  estimates  have  been  made  by  others  (e.g.,  Changnon,  1971b). 
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6. 5  A  Means  for  Hall  Suppression  Evaluation 

The  discussion  of  this  1973  hailpad  data  would  be  incomplete 
without  some  particular  reference  to  hail  suppression  evaluation. 

In  1973,  operational  cloud-seeding  was  carried  out  in  the  area  south 
of  Penhold,  which  encompasses  the  Southern  Hailpad  Network,  while  only 
single  storm  type  seeding  experiments  were  performed  over  the  Northern 
Network.  This  latter  type  of  seeding  makes  evaluation  difficult,  since 
the  effects  of  cloud  seeding  are  probably  felt  only  over  a  small  area. 
Because  of  this,  many  hail  researchers  (Goyer,  1971;  Lovell,  1972)  have 
expressed  the  view  that  hail  suppression  should  be  efficiently  random¬ 
ized,  using  the  same  area  for  both  target  and  control. 

It  would  be  interesting  to  compare  seeded  and  unseeded  storms 
to  see  if  any  believable  conclusions  can  be  made.  At  this  writing,  the 
author  had  no  way  of  deciding  which  areas  were  affected  by  seeding. 
Consequently,  each  storm  date  was  simply  labelled  as  'seeded’  if  50 
or  more  Silver  Iodide  flares’^  had  been  dropped;  otherwise,  the  storm 
was  termed  'unseeded'.  Schleusener  (1968)  suggested  a  seeding  rate  of 
>  2000  g  hr”1  for  effective  hail  suppression.  It  is  not  known  whether 

Alberta  seeding  rates  conform  to  this. 

Using  the  above  criterion,  of  the  17  hailstorms  recorded  by 

the  hailpads,  seven  were  seeded.  These  occurred  on  June  25,  June  29, 
July  5,  July  6,  and  July  22/23  over  the  Southern  Network,  and  July  23 
and  August  16  over  the  Northern  Network.  Mean  values  of  several  para¬ 
meters,  for  both  the  seeded  and  unseeded  storms,  are  displayed  in 

Table  24. 

1For  details  on  these  flares  and  the  method  of  seeding,  see  Summers 
(1972). 


, 


— ■  X  -  '  - 


129 


Table  24.  Comparison  of  mean  hail  parameters  for  seeded  and 
unseeded  hailstorms. 


Impact  MEAN 

No.  No.  Hail-  Average  Mean  Hail  Momentum  Impact  WATER/ICE 
Hail-  stones  Maximum  Mass  (kg  ms-1  Energy  RATIO 

pads  (ft  2)  Size(cm)  (g  m-2)  m-2)  (J  m“2)  M  /M. 


Seeded 

304 

817 

1.20 

1067 

13.5 

93.0 

16.0 

Unseeded 

321 

421 

1.02 

495 

5.9 

36.6 

25.7 

The  unseeded  storms  would  appear  to  have  yielded  smaller 
maximum  hail  sizes,  and  lower  values  of  impact  momentum  and  impact 
energy.  Similarly,  the  mean  mass  ratio  of  water  to  ice  (the  sum  of 
rain  masses  divided  by  the  sum  of  ice  masses)  is  higher  for  the  un¬ 
seeded  storms.  There  are  three  suggested  possible  explanations  for 
these  undesirable  trends: 

i)  that  seeding  was  confined  mainly  to  the  most  potentially 
dangerous  storms,  resulting  in  biased  data  in  Table  24; 

ii)  that  the  seeding  was  working  in  reverse,  producing  more 
hail  at  the  ground  instead  of  water,  hence  more  total  ice  mass; 

iii)  that  the  seeding  was  doing  its  job  of  producing  smaller 
stones,  most  of  which  melted  during  fall,  reaching  the  ground  as  rain 
and  leaving  no  hailpad  record  of  hail,  therefore  biased  data  in 
Table  24. 

The  first  possibility  may  be  partially  valid,  since  the  final 
decision  to  seed  or  not  was  based  on  radar  reflectivity;  i.e.,  if  radar 
indicated  potential  hail,  then  seeding  was  undertaken. 


. 
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For  the  second  possibility,  although  no  proof  has  yet  been 
produced  to  show  that  seeding  produces  more  ice  mass,  this  may  be  the 
result  if  insufficient  embryos  are  created  to  use  up  all  of  the  avail¬ 
able  water.  In  this  discussion,  we  shall  disregard  this  possibility. 

The  validity  of  the  third  proposal  appears  to  be  of  considerable 
practical  importance.  It  has  been  shown  (Mason,  1956;  Ludlam,  1953) 
that  hailstones  of  initial  diameters  less  than  1.5  cm  will  melt  com¬ 
pletely  when  falling  5  km  below  the  freezing  level1.  Yet,  for  a  4.4- 
cm  hailstone,  Ludlam  calculated  a  diameter  of  4.0  cm  at  the  ground, 
with  the  fractional  change  in  diameter  due  to  melting  decreasing  still 
more  with  larger  initial  sizes.  Since  the  larger  stones  do  not  melt 
relatively  as  fast,  then  one  should  not  expect  higher  water /ice  mass 
ratios  from  seeded  storms,  unless  the  areas  where  rain  only  occurs  are 
also  included  in  the  data. 

The  author  lacked  the  time  necessary  to  delve  further  into 
rainfall  data,  but  such  data  are  available  (using  the  hail  card  rain 
amounts)  and  should  be  investigated  to  resolve  at  least  some  of  the 
mystery  surrounding  hail  suppression  evaluation.  Without  such  data, 
the  figures  of  Table  24  are,  as  suggested,  biased  and  inconclusive, 
but  may  serve  as  an  impetus  to  convince  investigators  of  the  importance 
of  such  evaluation. 


1Values  of  3  km  and  a  melt  diameter  of  1  cm  would  be  more  typical  of 
Alberta  hailstorms. 
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CHAPTER  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


"Main  Atom  waA  north  o{,  keae,  tomndA  Riinbey.  Me 
got  the.  toll  end.  One  and  one-halfi  mileA  no  nth  it 
lookA  tike  a  Anou)  Atom  In  utintesi,  ileJtdU  ail  white.'1 

.  B/ia.ee  B/iown,  July  4,  1973. 

"Theae  woa  moae  damage  {aom  wind  and  nun-ofa^  than  ^nom 
hail."  ...  Maa.  H.  BetoAbaeh ,  August  l,  1973. 


7 . 1  Findings 

With  proper  controls  on  hailpad  dent  estimations,  uniform 
and  unbiased  analyses  can  be  performed  manually  and  systematically  with 
a  minimum  of  tediousness.  Tests  with  several  hailpads  in  close  prox¬ 
imity  imply  that  combined  errors  due  to  the  analysis  procedure  described 
herein,  and  to  errors  of  sampling,  are  almost  negligible  (generally 
<5  per  cent  in  measured  values  of  ice  mass  and  impact  energy)  \  Errors 
due  to  calibration  assumptions  were  also  shown  to  be  negligible,  if  a 
constant  drag  coefficient  for  falling  hailstones  of  .60  was  assumed. 

This  was  later  photo-verified,  and  it  is  expected  that  field  cali¬ 
bration  tests  will  show  similar  verification.  Hailpad  sensitivity 
is  limited  to  hailfall  with  impact  energy  between  0.1  and  2000  J  m 

1A  5  per  cent  error  can  be  termed  negligible  since  the  values  of  impact 
energy  for  a  given  storm  can  vary  over  four  or  five  orders  of  magnitude. 
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This  range  covers  most  hailfalls,  however,  since  the  lower  value 
assures  no  possible  crop  damage  due  to  hail,  while  complete  crop  loss 
is  a  certainty  with  the  higher  value. 

The  1973  hailswaths  were  found  to  be  5-20  miles  wide,  with 
a  distance  between  hailfall''’  maxima  (when  more  than  one  maximum 
occurred)  of  10-15  miles.  Such  hailfalls  were  adequately  described 
with  an  average  hailpad  spacing  of  2.6  miles.  The  dense  networks  of 
this  study,  however,  and  that  of  Morgan  and  Towery  (1974),  have 
proven  the  existence  of  finer-scale  variations  in  hailfall,  across 
only  hundreds  of  feet;  such  variations  can  be  an  order  of  magnitude 
or  more  in  the  impact  energy  and  can  only  be  resolved  with  spacings  of 
1/4  mile  or  less.  These  variations  concur  with  earlier  findings 
(Changnon  and  Barron,  1971)  of  small-scale  differences  in  crop  damage 
due  to  hail. 

For  the  1973  hailswaths,  such  fine-scale  features  in  the 
dense  networks  were  apparent  only  in  the  vicinity  of  the  larger— scale 
maxima  of  hailfall,  suggesting  that  the  large-scale  pattern  was  still 
reasonably  well-defined  with  the  hailpad  spacings  used  in  the  two  main 
networks  (averages  of  2.4  and  2.8  miles).  Such  an  observation  requires 
further  data  and  study,  since  its  validity  is  of  prime  importance  in 
network  design.  One  aspect  of  this  problem  which  did  become  clear, 
was  that  with  spacings  >  6  miles,  resolution  of  the  hailfall  pattern 
becomes  seriously  distorted. 


10nly  maps  of  impact  energy  have  been  shown, 
for  ice  mass  and  impact  momentum;  the  use  o 

all  three. 


but  the  same  results  hold 
the  word  ’hailfall’  covers 
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7 . 2  The  Hailpad  as  an  Instrument  for  Hail  Suppression  Evaluation 

The  hailpad  could  be  an  important  instrument  in  evaluating 
the  success  of  hail  suppression.  But  since  hail  suppression  endeavours 
to  create  small  hailstones,  many  of  which  will  melt  and  occur  as  rain 
at  the  ground,  a  necessary  counterpart  for  such  evaluation  is  the  rain- 
gauge.  In  other  words,  it  makes  sense  to  evaluate  hail  suppression 
through  some  joint  rain  and  hail  analysis  such  as  the  mass  ratio  of 
the  two.  There  are  three  ways  that  one  can  use  such  ratios  to  compare 
seeded  and  unseeded  storms,  only  one  of  which  appears  (in  the  author's 
opinion)  to  be  the  correct  way.  Using  set  theory  notation,  with  the 
set  of  hail-dented  hailpads  denoted  by  'H',  the  set  of  rainfall  reports 
by  'R',  and  the  hailpad/rain-gauge  network  by  fN'  as  in  Figure  35,  the 
three  methods  can  be  summarized  as  follows: 

i)  HON:  Consider  rain  and  hail  amounts  at  all  stations 
where  hailpads  recorded  hail,  comparing  the  two  ratios  of  total  water 
mass  to  total  ice  mass,  for  'seeded'  and  'unseeded'  storms. 

ii)  HUN:  Compare  the  mass  ratios  throughout  the  whole  hail¬ 
pad  network  for  seeded  and  unseeded  storms,  including  zeros  where 

rain  and/or  hail  do  not  occur. 

iii)  (HUR)HN:  Compare  mass  ratios  between  seeded  and  un¬ 
seeded  storms  within  the  network,  but  include  data  from  stations  only 
where  rain  and/or  hail  occur;  this  area  will  usually  be  defined  by  the 
'zero'  rainfall  contour^"  within  the  network;  e.g.,  the  shaded  area  in 

Figure  35. 


1In  Alberta,  hail  almost  always  occurs  with  rain 
is  not  true. 


although  the  reverse 
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Figure  35.  Schematic  of  hailfall  evaluation 
methods . 

The  first  method,  which  considers  information  only  within 
the  hailswath,  is  a  poor  one,  for  if  small  hailstones  are  successfully 
created  by  the  seeding  process,  then  many  of  these  will  melt  during 
fall  and  consequently  be  excluded  from  the  evaluation.  The  second 
method,  where  the  total  amounts  of  hail  and  rain  are  divided  by  the 
number  of  stations  in  the  network,  is  equally  undesirable,  since  a 
large  hailstorm  may  miss  all  but  a  portion  of  the  network,  resulting 
in  unrealistically  low  mean  values,  and  thus  throwing  unnecessary 
variance  into  the  evaluation.  For  the  third  method,  which  takes  means 
over  the  whole  region  of  precipitation  within  the  network,  a  large 
hailstorm  may  still  miss  most  of  the  sampling  network,  but  at  least  a 

portion  of  the  storm  would  be  sampled. 

This  third  method  appears  to  be  the  best  approach  of  the 
three  for  evaluating  hail  suppression  efforts,  and  the  same  ioea  should 
be  applied,  when  inspecting  mean  hail  impact  energy;  i.e.,  include  those 
zero  values  where  rain-only  occurs.  As  implied,  the  mass  ratio  of 
water  to  ice  would  be  best  for  direct  evaluation  of  seeding  effects, 


' 
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but  if  crop  damage  must  be  considered,  then  impact  energies  should  be 
used. 


7 • 3  Recommendations  for  Future  Hailpad  Projects 

In  addition  to  the  suggestion  for  hail  suppression  evaluation, 
a  few  simple  but  desirable  recommendations  are  in  order. 

(1)  Laboratory  calibrations  must  be  performed  carefully,  with 
due  consideration  to  the  assumed  physical  constants^,  and  on  the  same 
type  of  underlying  surface  as  will  be  used  in  the  field.  Furthermore, 
calibrations  should  be  repeated  annually  using  new  materials,  since 
results  here  indicate  that  even  styrofoam  aging  and  exposure  to  the 
elements  may  eventually  invalidate  a  calibration. 

(2)  Field  calibration  of  hailpads  would  present  final  checks 
on  accuracy.  This  is  a  difficult  task  consisting  of  collecting  (or 
photographing)  hailstones  falling  on  a  known  area  adjacent  to  a  hailpad 
and  comparing  the  two  results.  Unfortunately,  most  small  hailstones 
melt  almost  immediately  on  impact.  Field  calibration  trials  are  being 
carried  out  by  E.  P.  Lozowski  during  1974,  with  some  help  from  the 
author,  although  results  are  not  available  in  time  for  this  dissert¬ 
ation. 

(3)  The  underlying  surface  for  hailpads  should  be  consistent, 
and  hailpads  should  be  well— exposed.  Clipping  the  pad  onto  1/2— inch 
plywood  and  attaching  the  apparatus  to  a  we3.1-exposed  post,  would 
virtually  eliminate  both  problems.  In  addition,  accidental  damage 

^ For  example,  it  was  shown  that  the  values  .42  and  , L0107 

g  cm"3  might  have  been  better  choices  than  the  ones  assumed. 
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by  livestock  and  people  would  be  eliminated,  while  changing  hailpads 
would  also  be  easier  and  less  messy  (not  having  to  contend  with  muddy 
ground) . 

(4)  Hailpads  should  be  spaced  a  maximum  of  three  miles  apart 
for  resolution  of  the  main  hailfall  patterns,  while  Changnon’s  (1969) 
suggestion  of  one-mile  spacing  is  not  unreasonable  in  view  of  the 
dense  network  results. 

(5)  Care  must  be  taken  in  the  construction  and  transportation 
of  hailpads,  since  the  aluminum  foil  becomes  scratched  and  wrinkled 
rather  easily.  Wrapping  pads  with  foil  corners  in  towards  styrofoam 
edges  (as  depicted  in  Figure  30) was  found  to  be  best. 


Figure  36.  Best  method  to  wrap 
hailpads  with  alum¬ 
inum  foil. 


Transportation  in  cardboard  boxes  with  paper  sheets  between 
hailpads  is  desirable. 

(6)  If  volunteer  help  must  be  relied  upon  for  maintaining 
hailpad  sites,  then  extra  emphasis  must  be  placed  on  proper  hailpad 
changes  (daily  checks,  recording  times,  etc.);  this  is  a  puoiic  re¬ 
lations  job,  for  which  frequent  contact  is  essential. 

(7)  Hailpads  must  be  exposed  at  all  times,  for  sequential 

pad  exposures  have  shown  that  2-80  per  cent  of  the  total  hail  mass 
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can  fall  in  the  first  two  minutes  of  hailfalls  lasting  ten  minutes 
or  more.  In  other  words,  having  a  volunteer  install  a  hailpad  as 
soon  as  he  notices  hail  is  inadequate. 

(8)  More  study  with  dense  networks,  with  a  maximum  spacing 
of  1/ 4  mile,  should  be  a  priority,  in  order  to  establish  whether  the 
fine-scale  variations  exist  only,  as  noted  here,  in  the  vicinity  of 
the  large-scale  maxima. 

(9)  Since  the  greatest  single  source  of  absolute  error  in 
this  project  was  that  due  to  the  horizontal  wind,  attempts  should  be 
made  to  evaluate  the  wind  field  during  a  hailstorm,  preferably  using 
some  variation  of  the  hailcube  of  Morgan  and  Towery  (1974).  Current 
anemometers  cannot  accurately  measure  the  times  of  wind  and  hailfall 
simultaneously,  so  that  the  method  of  wind  extrapolations  from  hail- 
pads  is  a  rough,  though  reasonable  substitute.  Ideally,  at  least  half 
of  the  hail  detectors  in  a  network  should  be  hailcubes. 

(10)  A  rain-gauge  should  be  an  integral  part  of  every  hail¬ 
pad  site,  not  just  an  occasional  addition,  if  a  thorough  evaluation  of 
hail  suppression  is  to  be  carried  out.  Rain  mass,  in  this  respect,  is  a 
more  important  parameter  than  the  wind  speed,  since  the  only  other 
required  parameter  (for  the  suggested  method  of  evaluation)  is  ice 
mass,  which  can  be  adequately  measured  from  the  hailpad  without  know¬ 
ledge  of  winds, 

(11)  Analysis  is  one  of  the  most  difficult  and  time-consuming 
tasks  facing  any  hailpad  project,  mainly  because  of  the  tedious  work 
involved,  but  also  because  constant  checks  ^or  uniformity  and  against 
bias  should  be  made.  Therefore,  the  search  i.or  better  methods  of 
analysis  must  be  continued.  An  automated  method  such  as  the  technique 
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described  in  Chapter  V,  though  perhaps  more  objective,  must  first  be 
thoroughly  checked  for  accuracy  and  consistency. 

7 . 4  Concluding  Remarks 

A  simple,  inexpensive  hailpad  has  been  shown  to  be  a  very 
useful  instrument  for  measuring  hailfall.  It  measures  occurrences  not 
only  of  damaging  hail,  but  also  of  those  minor  hailfalls  which  other¬ 
wise  go  unnoticed  by  the  casual  observer,  either  because  they  occur  at 
night,  in  heavy  rainfall,  or  simply  because  the  hail  is  so  small  that 
it  melts  on  impact.  Although  they  are  generally  of  little  significance 
for  the  farmer.  It  would  be  folly  to  consider  such  minor  hailfalls 
insignificant,  for  the  production  of  small  hailstones  and  light  hail¬ 
falls  is  the  very  objective  of  hail  suppression  experiments,  not  to 
mention  their  significance  to  hail  climatology  for  describing  the 
extent  of  hailswaths  and  overall  hail  size  distributions. 

Hailpad  network  dimensions  and  methods  of  hail  suppression 
evaluation,  both  depend  on  the  type  of  cloud  seeding  being  carried 
out.  Randomized  seeding,  using  the  same  area  for  both  target  and 
control,  appears  to  be  best,  since  such  practice  would  minimize 
spurious  differences  between  seeded  and  unseeded  storms  resulting 
from  topographic  and  climatic  variations,  and  differences  in  crop 
damage  due  to  varying  crop  types,  soils,  farming  methods,  and  so  on. 

Finally,  evaluating  seeding  effects  on  the  basis  of  a  few 
years  of  crop  damage  statistics,  is  questionable,  not  only  because  of 
the  above  variables,  but  also,  and  more  importantly,  because  of 
unknown  climatic  cycles.  But,  with  randomized  seeding,  the  suggested 
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rain/hail  method  of  evaluation  may  show  noticeable  trends  with  even  one 
year  of  hailpad  data,  if.  significant  hail  suppression  is  being  achieved. 
Any  such  trends,  of  course,  would  have  to  be  subjected  to  statistical 
significance  tests. 
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LIST  OF  SYMBOLS 


(in  order  of  appearance) 

e 

-  kinetic  energy  of  a  hailstone 

m 

-  mass  of  a  hailstone 

D 

-  diameter  of  a  hailstone 

WT 

-  terminal  velocity  of  a  hailstone 

N 

-  number  of  hailstones 

E 

-  kinetic  energy  of  N  hailstones 

M,  Mr 

-  mass  of  N  hailstones  of  mass  m  each 

CD 

-  drag  coefficient  of  a  hailstone  in  free-fall 

Re 

-  Reynolds  number 

U 

-  velocity 

V 

-  kinematic  viscosity 

pa 

-3 

-  air  density  (usually  given  the  value  1.05  X  10 

-3  v 
g  cm  ) 

M 

-  dynamic  viscosity 

P 

-  hailstone  density  (assumes  the  value  .89  g  cm  3) 

W 

-  fall  velocity 

a 

-  net  acceleration 

fd 

-  drag  force  on  a  sphere 

Z 

-  axis  (positive)  upward  from  the  center  of  earth 

g 

-2 

-  acceleration  due  to  gravity  (981.3  cm  s  'at  53N) 

t 

-  time 

A 

X 

~  cross  sectional  area  of  a  sphere 

A 

-  arbitrary  constant 

Q 

-  momentum 
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h 

f 

S  (as 
subscript) 

RH'  dh 


-  impact  energy 

-  impact  momentum 

-  (drop-)  height 

-  fraction  of  terminal  velocity 

-  identifies  parameters  of  'simulating' 
spheres  (Wg/  WTg,  CDg,  etc.) 

"  CDS  “  '45  i-03 

-  radius  and  diameter  of  a  hailstone 


d 

V 

E 

W 

E 


f 

H 

IT 


e 

p 

T 

S 

P 

a  r  ft 


-  depth  of  dent 

-  volume 

-  final  error 

-  horizontal  wind  velocity 

-  total  impact  energy  (sum  of  vertical  and  horiz¬ 
ontal  partitions  of  energy) 

-  vertical  angle  of  impact  of  a  hailstone 

-  pressure 

-  temperature 

-  mean  spacing 

-  angles  of  dent  streaks  on  hailpad  edges 

-  average  terminal  velocity  of  all  hail  sizes 
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APPENDIX  I 


EXPLANATION  OF  UNITS  USED,  THE  LAND  SUPVEY  SYSTEM 
AND  ACCURACY  OF  DENT  MEASUREMENTS 


Units 

Metric  units  were  used  throughout  this  dissertation,  except 
for  a  few  instances  where  it  was  convenient  to  use  English  units  for 
length.  To  conform  with  the  land  survey  systan  used  in  Alberta,  distances 
are  given  in  miles,  areas  in  square  miles. 

Since  farmers  are  familiar  with  inches  rather  than  centimeters, 
and  because  the  steel  simulation  spheres  were  readily  available  only  in 
standard  English  sizes  (i.e.,  diameters  of  \  in,  \  in,  1  in,  etc.),  dent 
sizes  for  both  calibrations  and  hailpad  analysis  were  measured  in  inches, 
but  were  converted  to  hailstone  diameters  in  both  inches  and  centimeters 

in  final  computations .  Maximum  hail  sizes  were  output  in  centimeters  only. 

_2 

Derived  hail  parameters  were  converted  to  totals  m  ,  except 

-2 

for  numbers  of  hailstones  which  are  shown  as  counted  (ft  ) . 


The  Dominion  Land  Survey  System 

Land  areas  in  Alberta  are  divided  into  six  mile  square  townships, 
each  square  mile  (or  section)  being  identified  by  consecutive  numbering 
from  1  to  36.  Each  section  is  further  divided  into  quarters,  and  desig¬ 
nated  as  southeast,  southwest,  northwest,  and  northeast  quarter-sections. 
Townships  are  numbered  northward  from  the  49th  parallel,  while  the  range 
of  a  township  is  numbered  westward  from  a  meridian,  of  which  there  are 
two  in  Alberta;  the  fourth  meridian  at  11 OW  longitude,  and  the  fifth 
meridian  at  114W  longitude.  Convergence  of  the  meridians  necessitated 
certain  'correction1  lines,  such  that  not  all  townships  are  six  miles 
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square.  Thus,  a  farm  location  is  identified  by  quarter,  section  number, 
township  number,  range,  and  meridian;  e.g.,  NE6/42/2/W5  is  the  north¬ 
east  comer  of  section  6  in  township  42,  at  range  2  west  of  the  fifth 
meridian. 

Accuracy  of  Dent  Measurements 

For  the  calibration  measurements,  dents  were  interpolated  to 
the  nearest  .01  inch,  and  were  believed  accurate  to  +.03  inch.  For  the 
hailpad  analysis  procedure,  dents  were  interpolated  only  to  the  nearest 
.05  inch,  and  were  believed  accurate  to  ±.05  inch. 


/V 


APPENDIX  II 


TABLES  AND  DATA 
FOR  CALIBRATION  EXPERIMENTS 
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Table  A4 . 


-3 


Hailpad  calibration  data  assuming  p  =  1.05  X  10 

-3  a 

g  cm  and  CDS =  .45.  Dents  were  measured  on  one- 

inch  thick  Styrofoam  *FR  pads  covered  with  .0001- 

inch  Reynolds  Wrap  aluminum  foil. 


DENT  DIAMETERS  (in) 

Sphere  — - 

Diameter  Cn  =  .50  C  =  .60  (Std.  Cn  =  .70 

(in)  U  D  Dev.)  U 


1/4 

.12 

.10 

(.007) 

.09 

3/8 

.24 

.21 

(.009) 

.20 

1/2 

.34 

.33 

(.007) 

.31 

9/16 

.40 

.39 

(.009) 

.36 

5/8 

.46 

.44 

(.  009) 

.41 

3/4 

.57 

.55 

(.011) 

.53 

7/8 

.70 

.67 

(.019) 

.64 

15/16 

— 

.75 

(.014) 

.72 

1 

.83 

.82 

(.021) 

.79 

1  1/4 

1.14 

1.09 

(.016) 

— 

1  1/2 

1.44 

1.43 

(.023) 

— 

2 

1.99 

1.98 

(  “  ) 

— 

- 


154 


Table  A5 .  Hailpad  calibration  data  for  wind-blown  hail¬ 


stones  (hailpads  inclined  with  only  vertical  par¬ 
titions  of  impact  energy  simulated) .  Assumes 


r—\ 

II 

Q* 

.05 

CO 

i 

o 

1 — 1 

X 

-3 

g  cm 

'  CDS 

=  .45, 

and  C  - 

.60. 

Dents 

were  measured  on 

one- 

inch  thick  Styrofoam 

*FR  pads 

covered 

.  with 

.0001 

-inch  Reynolds 

Wrap 

aluminum 

foil . 

DENT 

AXIS  MEASUREMENTS 

(in) 

Max . 

Sphere 

Diameter 

Dent 

Hailpad  inclined 

at  Angles  of 

Std . 
Dev . 

(in) 

Axis 

15° 

3  0° 

45° 

60° 

75° 

(in) 

3/8 

Minor 

.22 

.22 

.20 

.20 

— 

.012 

Major 

.25 

.27 

.28 

.31 

— 

.011 

1/2 

Minor 

.31 

.31 

.31 

.29 

.21 

.018 

Major 

.37 

.39 

.40 

.50 

.61 

.057 

5/8 

Minor 

.42 

.40 

.39 

.36 

.29 

.020 

.048 

Major 

.47 

.50 

.54 

.72 

.86 

3/4 

Minor 

.50 

.50 

.49 

.46 

.38 

.016 

Major 

.56 

.63 

.74 

.86 

1.07 

.083 

7/8 

Minor 

.63 

.58 

.58 

.56 

.44 

.020 

Major 

.70 

.71 

.88 

1.09 

1.30 

.065 

T 

Minor 

.75 

.72 

.69 

.64 

.51 

.038 

JL 

Major 

.88 

.90 

1.01 

1.33 

1.81 

.149 

. 
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APPENDIX  III 

SAMPLE  OUTPUT  OF  HAILPAD  DATA  (2  PAGES) 


(527) 


H  A 


L  P  A  D 


ANALYSTS 


SHEET 


HAILPAD  HO. :  1683 


STORM  DATE/TIME: AUG. 2/0-2AM?/? 


STATION  NO. :  J-51 
LAND  LOCATION:  S^.1 
OPERATOR:  LARRY  DAVID 


ANALYST:  V  S/SLO/A  VG 

DATS  OF  ANALYSIS:  07/JAN/74. 

CHECK  IP/WHEN  ANALYSIS  REPEATED? 


PEM  ARKS :  PAD  OUT  JUL. 2 5- AUG. 2. HIND  N  . 


NO. 

TOTAL 

TOTAL 

DENT 

HAILSTONE 

IMPACT  IMPACT 

HAIL- 

IMPACT 

IMPACT 

DIAM. 

DIAKPTEP 

ENERGY  MOMENT 

UM 

STONES 

ENERGY 

MOMENTUM 

(IN) 

(IN) 

(CM) 

(EPGS)  (G. CM/SEC) 

(/SQ.FT) 

(JOULES)  (KG . M/SEC) 

0.05 

0.19 

o 

. 

o 

0.259E  05  0 . 54  1 E 

02 

170 

0.44 

0.09 

TOTALS 

FOP  "SHOT” -S I ZE  HAILSTONES.... 

0.04 

0.0920 

0.10 

0.25 

0.63 

0. 694E  05  0. 129E 

03 

60 

0.42 

0.08 

0.15 

0.30 

C  .  7  7 

0. 155E  06  0.259E 

03 

26 

0.40 

0.07 

0.20 

C.36 

0.91 

0 . 30  IE  06  0.46  3E 

03 

44 

1.32 

0.20 

C.25 

0.4  1 

1.05 

C.531E  06  0.761E 

03 

18 

C .  96 

0. 14 

rv  on 

W  •  mf  S- 

r\  r»  t 

v  •  « 

1.19 

U  •  1  O  V  •  i  4  O 

C4 

*  * 

•  i 

0 . 96 

0.  13 

TOTALS 

FOP  " 

PE A "-SIZE  HAILSTONES . 

4.06 

0.6151 

0.35 

0.52 

1.33 

0.  136E  07  0.  173E 

04 

7 

0.95 

0.12 

0.40 

0.58 

1.47 

0.203E  07  0.246E 

04 

6 

1.22 

0.  15 

0.45 

0.63 

1.61 

0.291E  07  0.337E 

04 

2 

0.58 

0.07 

C  .  50 

0.69 

1.75 

0. 406E  07  0. 45  IE 

04 

3 

1.22 

0.14 

0.55 

0.74 

1.89 

0. 552E  07  0.590E 

04 

1 

0.55 

0.06 

TOTALS 

FOR  " 

GRAPE”- 

SIZE  HAILSTONES.  .  . 

. .  .  19 

4.52 

0. 5307 

0.65 

0.85 

2.  17 

0.957E  07  0.956E 

04 

1 

0.96 

0. 10 

TOTALS 

FOR  •’WALNUT" 

-SIZE  HAILSTONES.. 

. .  .  1 

0.96 

0.0956 

TOTALS 

EXCLUDING  "S  HOT” -S  TZ  E  (PER  SQ. 

FT)  . 

...  179 

9.54 

1.2413 

TOTALS 

"ALL" 

SIZES 

(PFR  SQ. FT) . 

9.98 

1. 3334 

TOTALS 

"ALL” 

SIZFS 

(PER  SQ. METER) .... 

.  3757 

107.41 

14.3522 

■ 


. 


0^4  r : .  i 
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SUM^^py_0  F_HAJLP  A  D^HATLCA  2^83)_  : 


HAILPAD 

SHOT 

PEA 

GRAPE 

WALNUT 

GOLF 

>  GOL  F 

TOTALS 

NUMBER 

170 

159 

19 

1 

0 

0 

349 

%  OF  TOT. 

48.7 

45.6 

5.4 

0.3 

0.0 

0.0 

100% 

LOG  (#) 

2.23 

2.  20 

1.28 

0.0 

***  * 

*  *  ** 

2.54 

HAIL  AREA 
(SQ. IN.) 

5.08 

13.57 

5.29 

0.57 

o 

• 

o 

0.0 

24.61 

MASS (GM) 

9.6 

47.0 

31.3 

4  .8 

o 

. 

o 

o 

. 

o 

92.7 

I.E.  (J) 

0.44 

4.06 

4.52 

0.96 

0.0 

0.0 

9.98 

%  OF  TOT. 

4.4 

40.7 

45.3 

9.6 

0.0 

0.0 

100% 

I. MOM.  0.0920 

( KG -M /SEC/FT 2) 

0.6151 

0.5307 

0.0956 

i 

t 

1  o 
!  o 

1 

o 

. 

o 

1.3334 

FROM  OPER  ATOR"S 
HAIL^AD _ H  AILCARD_ 


1.  APPARFNT  WIND  DIRECTION  AS  INDICATED  BY  PAD 


2.  NO.  HAILSTONES  (/SO. FT)  EXCLUDING  "SHOT"-SIZE, 

- - MO  OVT)  CO  TM  fCy^rnriTMC  MCUATH.CT7P1 

■  J  k-  •  *  ^  '  —  kJ  >  j  .  *  J  _  U  -J  )  •  .  1 


179  **** 

1.24  **** 


- NO  . /5Q.  IN  .  (EXCLUDING  nS HOT " 5  :l  PE  A  " )  .  .  .  0.14  **  +  *■ 

- LINEAR  SPACING (INCHES)  EXCLUDING  "SHOT"....  1.01  ) 

- LINEAR  SPACING  EXCLUDING  "S  HOT" S  11 PF  A"  . ♦ _ 3^03 _ ) _ 


3.  SIZE  (RANGE)  OF  LARGEST  HAIL . (  =  2.17CM)... 


4.  SIZE (RANGE)  HOST  COMMON  HAIL  &  %  OF  TOTAL _ _ 

5.  F5T  .  %  DAMAGE  AT  OPERATORS  EARN  /fi  CROP  T  YPE. . . _ **♦* _ 

6.  IMPACT  ENERGY  (JOULES  PER  SQ. METER) .  107.41  **** 


- SIZE (RANGE)  OF  GREATEST  CONTRIBUTOR  TO  I.E 


*  *** 


- %  CONTRIBUTION  TO  TOTAL  IMPACT  ENERGY .  **** 

6  A  IMPACT  MOMENTUM  (KG-M/SEC  PEP  _  SQ._M  ET  EPLl_^.l «.».«.». _ 1  4^.3  5 _ **** _ 

7.  PEP  CENT  AREA  OF  PAD  DENTED  BY  H  AI L  ( ALL) .  5.01  **** 

B .  PEP  CENT  APF A  OF  GPOUND  COVERED  BY  HAII . . 11±Q2 _ ^***_ 

THE  END 


JH  T  OT  tOITOilffl  3  »— 


APPENDIX  IV 


PATTERNS  OF  IMPACT  ENERGY 
FOR  14  ADDITIONAL  HAILSTORMS 
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_2 

Figure  Al .  Pattern  of  impact  energy  (J  m  )  over  the 

Southern  Network  on  June  25th,  1973.  (Hailpad 
installations  were  not  complete  at  this  time.) 
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Figure  A7 . 


-2 


Pattern  of  impact  energy  (J  m  )  over  the 
Northern  Network  on  July  15th,  1973. 


-2 

Figure  A8 .  Pattern  of  impact  energy  (J  m  )  over  the 

Northern  Network  on  July  18th,  1973. 


-  - 
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rU  - 
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—  2 

Figure  A9.  Pattern  of  impact  energy  (J  m  )  over  the 

Southern  Network  on  July  22-23rd,  1973. 


-2 

Figure  AlO.  Pattern  of  impact  energy  (J  m  )  over  the 

Northern  Network  on  July  23rd,  1973. 
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_  2 

Figure  All.  Pattern  of  impact  energy  (J  m  )  over  the 

Northern  Network  on  August  l-2nd,  1973. 
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Southern  Network  on  August  27th,  1973. 


Figure  A14. 


_2 

Pattern  of  impact  energy  (J  m  )  over  the 
Northern  Network  on  August  27th,  1973. 


SUMMARY 

OF 


APPENDIX  V 


OF  DATA  FOR  THE  761  HAILPADS 
THIS  1973  ALBERTA  STUDY 
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AUGUST  4TH.  NORTHERN  NETWORK : 

1666  A  1 1  39  4  25  19  0  000  44  27.0  73.0  0.0  0.0  0.0  0.0  0.2  1.2  C.77  45.  0.4g  2.6 

1141  2  5  39  4  25  28  0  000  53  12. C  ee.O  0.0  0.0  0.0  O.C  0.4  1.9  0.91  82.  0.97  5.8 

1700  3  1C  39  4  12  6  0  000  18  34.5  65.5  0.0  0.0  0.0  0.0  0.1  0.5  0.77  17.  0.18  1.0 

1062  4  26  39  3  400  45  C  000  445  72.1  27.9  0.0  0.0  0.0  0.0  0.9  10.0  0.77  312.  3.10  15.4 
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